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ABSTRACT

Ten sites were equipped to observe resonance-scattered

sunlight from selected debris species. These species were
ijonized and neutral barium, and neutral

zirconium. The measurements were performed during twilight
periods when the sky background was low and debris in the
high atmosphere was sunlit. In general, debris was detec-
table by this technique only above heights of approximately
ninety km.

Barium and zirconium were observed in small amounts in
the Johnston Island area after Check Mate, King Fish, and

Star Fish.



The measurements performed on the first
twilight following Star Fish and King Fish are indicative of
the detonation-induced motions of debris. Measurements on
sﬁbsequent twilights gave information on the spread of

debris by diffusion and wind transport.
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CHAPTER 1

INTRODUCTION

1.1 OBJECTIVES

The primary objective of this.project was the measure-
ment of the amount of selected nuclear debris constituents
above observing sites which were widely separated geograph-
ically. The species selected for observation were atoms or
fons which possessed a resonance line in the visible portion.
of the spectrum. When such species are present in sufficient
numbers in the upper atmosphere, they scatter suéficient sun-
light at their characteristic wavelength to be measured
photometrically from ground observing stations during twi-
light periods. Six installations were instrumented with
single-barrel photometers (Figure 1.1) which employed a
rotating filter turret equipped with interference filters.
These filters isolated each wavelength to be observed, and a
birefringent filter was employed to provide maximum discrim-
ination between sky background and the monochromatic signal.
One site employed a simple photometer in which three inter-
ference filters were rotated in front of the objective lenms.
One filter was centered on the emission line to be observed,

and the other two had passbands on each side of the emission



lines. Some twilight data was obtained from three other
sites utilizing four-barrel photometers discussed in the next
paragraph. In general, however, these units were unsatisfac-
tory during the brighter portions of twilight.

A secondary objective included the measurement of early
time debris history by observation with relative fast
response, four-barrel photometers (Figure 1.2) employing a
separate interference filter fér each barrel. Three such
units were placed at sites close to the detonation location.
Early time debris arrival at conjugate areas was studied with
birefringent units located near these areas. The detonation
times precluded extensive measurementsvof early time debris
by resonance scattering, since only miﬁor amounts of debris
moved beyond the earth's shadow. Measurem'nts of that
debris which did become sunlit were made, and other early
time measurements which may be related to thermal, éhoto-
chemical, or electron excitation of debris species were also
made. It should be noted, however, that these measurements
were far short of those obtainable for a detonation time se-
lected specifically to take advantage of this technique (i.e.,
detonation just prior to twilight).

The data collected represents direct observations of the

long-term geographical distribution of selected debris species
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for the high-altitude events. It should be possible to
determine the prober processes (i.e., diffusion, magnetic
guiding, wind transport, or turbulence) which act to distrib-
ute this debris and their relative importance. With proper
scaling factors to account for relative abundance, degree of
ionization, and atomic weight, the distribution of other
debris species may be computed, This information should
correlate with, and assist in the interpretation of, data
relating to such phenomena as RF blackout and trapping of

ionized particles by the earth's magnetic field.

1.2 BACKGROUND

The dispersion of nuclear debris deposited in the upper
atmosphere as a result of a high-altitude detonation depends
markedly upon the height at which such material is released
as well as several other physical parameters. Above about
ninety kilometers, chemical reactions are relatively slow, so
that any artificially injected material may be expected to
preserve its optically active properties (that is, remain in
the original atomic state) over extended periods of time. In
this uncombined form it is possible to trace the material as
it is transported by wind and the applicable diffusion mech-
anism (turbulent or molecular processes, according to its

resident altitude).
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The techniques employed in atmospheric airglow analysis
to study twilight phenomena are well known,and several have
direct application to the problem of interest here. By such
methods the distribution with height of a suitable trace
element in the upper atmosphere may be determined with high
sensitivity (References 1 and 2)- Recently, the authors of
Réferences3 and 4 have successfully performed a series of
experiments in which relatively small amounts of an artifi-
cially injected contaminant were released into the atmosphere
in the form of a filament at altitudes of about eighty to two
hundred kilometers. These were detected and subsequently
traced with appropriate ground-based optical equipment
(Reference 5), The techniques employed for these tests have
secr an outgrowth of such experiments and of such observations
(References 6 and 7).

Below ninety kilometers, previous experimen*tal attempts
o track atomic trace materials by the resonance scattering tech-
nique described above have been unsuccessful. As shown by
the authors of Reference 8, for the alkali family metals re-
leased at these altitudes, on the order of one-half the atomic
material has chemically recombined in fractions of a second.
The product molecules possess different optical properties

and do not scatter light at the resonance wave-
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lengths of the original atomic or ionized species.

The Star Fish event afforded the opportunity to observe
nuclear debris at high altitudes over extremely large geo-
graphical areas. The detec;ion and tracking by optical
resonance scattering techniques is §escribed in greater

detail in subsequent sections of this report.

1.3 THEORY

In order to discuss the theory underlying the experi-
ment, it is most convenient to subdivide the area into a part
concerned with signal levels expected and one concerned with
the backgrounds expected.

1,3.1 Signal Intensity and Signal-to-Noise Considerations.

Resonance scattering involves the ground state of the atom or
ion,and for practical reasons is almost always limited to the
first permitted level. Since only very thin clouds are con-
sidered, such processes as collisional de-activation may be
neglected. Each atom or ion which absorbs a photon from the
solar radiation upon it will subsequently emit isotropically
a photon of the same wavelength. A coordinate system fixed
in the particle is assumed so that Doppler shifts need not be
considered for the present. It is convenient for the purpose

at hand to obtain an optical absorption coefficient for each
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resonance transition of interest. This is a useful parameter
and will be defined such that the product of this coefficient
and the solar flux will yield the energy scattered at the
resonance wavelength per unit time per particle. The units
and definitions used by various authors (References 9, 10,
11, and 12) and workers in the field of radiation are rather
confused. Hence, the units and expressions to be used here
will be defined in some detail.

Energy levels one and two are designated for the ground
level and first permitted level,respectively,of the atom or
ion. The frequency corresponding to this energy difference
is v and the wavelength X\. The probability that an atom

(or ion) will absorb a photon from theé incident radiation is

B,_, P(V) (1.1)

where.Bl_z is the Einstein coefficient for absorption and
p(v) is the density of radiation at frequency V. The energy
(Reference 9) of radiation between v and v + dv per unit
volume is p(v) dv. The term 81_2 is related to the Einstein
coefficient for spontaneous emission A2_1 (transition proba-

bility) by the relation

c3 sl
B, _ B e = A cgs (1.2)
1-2 8 h v3 S2 2-1
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where S1 and S2 are the statistical weights of levels one and
two. For an atomic energy level, S = 2] +1, and for a term
as a whole, G = (25 + 1) (2L + 1) where J, S, and L have the
conventional spectroscopic meaning. Then, where P is the

probability of an absorption per atom (average number of

photons absorbed per second per atom from solar radiation),

c3 s1
P = — A p (v) cgs (1.3)
8 v3 52 2-1 "e

The quantity pe(v) is in units of erg/cm3-unit frequency
interval. pe(v) = cp(v) x hv, where units of pp are photons/
cm3-unit frequency interval. The energy density resulting
from a unidirectional flux of light is p = %, where c is
velocity of light,and ¢ has units of photons/cmz-sec-unit
frequency interval if o has units of op above. Since

V'

>0

; dv = - EE d\, then
3

hy .2
po(v) = ;3 Ao

where ¢ has units of photons/cm2 of wavelength interval. Then

P=g- g9 (1.4)
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vhere $ has the units above. The quantity

(/2]

.%%—2 N (1.5)
is defined as the absorption coefficient for the transition
in question and is designated as 0. If the absorption cross
section of the atom is plotted on a wavelength scale, then O
is equal to the integral underneath the curve for absorption
in units of cm2 %X angstroms (R).

values of the solar flux above the earth's atmosphere are
listed in Table 1.1. Table 1.2 lists some transition proba-
bilities and computed absorption coefficients as well as the
probability for scattering, P. Values éf P aro determined
from the solar flux obtained from Table 1.1 and hence are
valid only for clouds near the earth. Probability for scat-
tering and absorption are identical, since secondary processes
are ignored.

On the basis of the numerical valugs of Tables 1.1 and
1.2, the following wavelengths have been chosen for observation:

neutral Ba (5,5352), neutral Zr (6,1303),

and ionized Ba+ (4,55&2). The four lines chosen have wave-

lengths in the visible and have reasonably high signal strengths.
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Only debris clouds which are optically thin need be con-
sidered. For this case each atom or ion may be considered as
bathed in sunlight independently of other like atoms in the
cloud. It is easy to show that the debris cloud will become
optically thin within a second or less. At room temperature
(300°K), the optical cross section, 5, per atom is about
10'ucm2 for resonance absorption. This cross section is
given by o defined above divided by the Doppler line width.
At room temperature this width is of the order of 2 x 10'2 g
and increases as the square root of temperature. The optical
cross section multiplied by the number of atoms/cm2 column
(o) is a meésure of the optical thickness. If Io is the

light flux at the resonance wavelength and I the amount

transmitted through the cloud,

I= Io exp (-5¢C)

If sc = 1, the column is said to be one optical thickness.
If 50 is small, then only a small fraction of the incident
light is absorbed,and the cloud is said to be optically thin.
Consider 1026 total atoms of one kind in a cloud expanding at
108cm/sec, then in one second ¢ is of the order of 2 x 109

atoms/per cmz. It is difficult to define a meaningful tem-

perature for a cloud after velocities are frozen in, but
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effective optical cross sections are certainly less than the
lo'ncm2 by perhaps a factor of 1,000. Hence, for all prac-
tical purposes the sunlight incident upon each géom in the
cloud has not been diminished by the presence of like atoms
in the cloud. By the same argument, subsequent absorption of
light once scattered is completely negligible and need be
considered no further.

The light flux falling upon a detector is a function of
the various optical components used in the detecting instru-
ment. If the cloud is small compared to the acceptance angle
of the photometer used for detection, the light flux received

from the cloud and incident upon the detector is given by

5, = N A T2P (1.6)
4x R
Where: es is the signal flux upon the detector in units of

photons/sec

N is the total number of atoms in the cloud of a
single species

A 1is the photometer aperture area

T is the transmission of the instrument and the
{ntervening atmosphere, if any

P is the scattering probability defined in Equation

1.4
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R is the cloud to photometer distance
In Equation 1.6 a filter which isolates the resonance
wavelength of a single species in the cloud and which is
broad enough to pass the entire Doppler shifted line is
assumed. '
For a cloud which more than fills the photometer accep-

tance angle, the signal flux received is given by

o, » LEALE L.7)
where 0 is the number of atoms/cm2 column, and & 1is the photom-
eter acceptance angle in steradians. It is assumed in
Equation 1;7 that the value of O over the photometer field
Q is constant. If ¢ is not reasonably conmstant, then a mean
value must be used or individual contributions summed or
integrated over the field angle. For most cases that will be
encountered in practice, either Equation 1.6 or 1.7 pro-
vides sufficient precision for the initial estimates required
for instrument design.

In addition to signal light, a significant contribution
to the received light flux is due to background. The back-
ground may be sunlight scattered by the earth's atmosphere as

encountered during daytime and during twilights, or it may be
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starlight, airglow, or galactic light during night hours.
Values of sky backgrounds have been tabulated and plotted for
various twilight and night conditions in 8 later section.

At the detector, light from the cloud and background
light produce an electrical effect which is a simple super-
position of the two quantities. Some method of discrimination
is required to separate the two effects,and the lower limit of
detectability is frequently determined by the ability to
discriminate. Discrimination techniques will be discussed
in a following section. It {s sufficient now to state that
by proper techriques the limit of detectability is set by the
noise inherent in the detector output.

There is a noise component in the light flux falling up-
on the detector. This is due to the fact that the light is
made up of discrete photons which arrive at the detector at an
average rate but with random or statistical variations. The
effect of these statistical fluctuations is termed noise
(Reference 13). At the cathode of a photo-emissive surface,
photons are absorbed and photo-electrons emitted. Since the
number of electrons emitted is less than the number of incident
photons (about one electron for five photons for the most
optimum conditions), the noise at the point in the instrument

is greater than in the incident light flux. In practice the
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noise present at the photocathode of a gocod photomultiplier
{s the dominant source for the entire instrument, and all
other sources of noise may be ignored by comparison to it.
For a purely random process, fluctuations from the aver-
age value occur which are predictable. I1f n electrons are
emitted in the time {nterval 1, the average value is n/7 with
an uncertainty of Jn. With a photomultiplier, amplifier, and
direct-current recording system, the recorder deflection
measures the average number of electrons emitted (direct
current), and the time interval 1 is determined by the instru-
mental response time. T is also given by 7 = Eizz where Of

is the electrical band-pass frequency.

Signal-to-noise ratio (S/N) is defined as

=

6
s J3 (1.8)

zln
]

n=ﬁ|

where k is the conversion factor relating the number of
electrons emitted per incident photon, es as before is the
photon flux due to signal, and n. is the total number of
cathode electrons per unit time., The term n is a summation

of various components

n, =k Gs + k eb + id
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where eb is the 1light flux due to background flux, and id is
the dark current. Dark current is a combination of thermally
emitted electrons and some leakage current. It would be
present if no light were incident upon the cathode. In any
case of interest for the present work, id and k as are very

small compared to k eb. Therefore

e
%’—s-\/; (1.9)

Na

b

Unless strong stars or some other source such as the sun or
the moon are directly in the photometer field, the photometer

light flux due to background is given by

Rl ATWIA

s (1.10)

eb he

where Rl is the background intensity at wavelength A taken
from a subsequent section. R, has units of erg/cmz'sec'X'
steradian. A is the aperture area; T, the transmission of the
instrument and of the atmosphere at wavelength \; W is the
filter width in R; Q, the photometer field angle in steradians;
and M/hc, the number of photons per erg at wavelength \.

Hence,
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Equation 1.11 1is written in the form above so that for any
set of ﬁhotometer characteristics and specific resonance line
the right-hand portion is constant. The term ¢ depends upon
the cloud and the time of observation,while Ry depends upon
time of day and also upon position in the sky at which the
photometer is pointed.

1.3.2 Backgrounds. A study of the twilight sky has

{nterested numerous investigators for many years. The early
studies were confined to qualitative explanations of the
readily observable phenomena; such as, intensity, spatial,
and color changes and earth shadow heights. Later studies
have primarily been directed toward quantitative investigations
concerning (1) upper air densities, (2) dust layers in the
higher atmosphere, and (3) airglow.

The first two of these objectives have met with limited
success for two primary reasons. First, a satisfactory ana-
lytical expression for the brightness variation has not been
found. The extinction over the long, oblique path has never
been integrated in a closed form; and although the labor of

numerical or graphical methods has bee: reduced by the use of
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computers, the accuracy has increased only slightly, since
results are strongly dependent on the distribution and vari-
ations of dust, ozone, and other small impurities which be-
come important for the long optical paths.

Secondly, the intensity variations during the twilight
are so great and so rapid that {nstrumentation to record the
spectral and spatial variations is difficult. Present-day
photomultiplier tubes and interference fi{lters are a satis-
factory solution to this problem. However, even though some
measurements have been made rather recently, none are very
complete, and comparison of results from different observers
is difficult, since no uniform system has been used. The
angle of view, spectral bandwidth, range of solar angles,
sp;ctral gensitivity of the receiver, wide variation in units,
as well as geographic and time variation of the observations
are some of the major difficulties of comparison. A large
number of the observations were made only in the zenith with
wide-band filters and reported only in relative units. Such
measurements can indicate daily and seasonal variations but
can give little reliable information concerning other sky
positions without an accurate theory and mathematical analysis.

One of the more complete sets of spatial and spectral

measurements was made by the author in Reference 14. However,
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the spectral measurements were made only for solar depression

angles less than 8 degrees, and absolute intensity measure-
. ments are not easily attained from the reported values. The
authors in References 15 and 16 independently measured the
zenith brightness in absolute units which in some cases dif-
fered by an order of magnitude. The authors in Reference 17
also made absolute measurements but only for an elevation
angle of 20 degrees in the sun's azimuth. They also chose
~everal models for dust and ozone from which to compute
brightness values for comparison with the measurements. The
reported values show the pronounced effect of the ozone as
computed. Figure 1.3 shows both the measured and computed
values. Since no complete set of measurements have been
found, a composite of the measurements of several investi-
gations must be used. Figure 1.4 shows computed values due
only to molecular scattering for a solar elevation angle of
6 degrees. .
The radiance from the night sky is composed of two major
parts. One is a continuum due to starlight (direct and scat-
tered), various galactic sources, and zodiacal light. Since
these sources all have spatial variatiom, the integrated flux

received at the earth varies with viewing direction. However,
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{f the angular field of view is large enough so that local
variations such as bright nebulae, star clouds, and emission
regions may be neglected, the variations are much reduced in
magnitude. An average value of continuum is shown in Figure
1.5,

The other part of the night sky radiance is due to the
airglow which consists of line and band emission from various
constituents in the earth's upper atmosphere. The exact mech-
anisms which cause the emission are not satisfactorily under-
stood, but many of the observable characteristics have been
thoroughly investigated. Figure 1.5 shows the major features
of the night airglow superimposed on the continuous spectrum
of the night sky. Table 1.3 also shows an average intensity
of these emissions and a probable range of intensity variations.

The radiation received from the airglow emission is also
dependent on direction of viewing, the maximum occurring at a
large zenith angle. This effect is the result of an increase
due to a longer optical path through the emitting region and a
decrease due to the increased extinction in the lower atmos-
phere. The exact magnitude and position of the maximum de-
pends in a very insensitive manner on the height of the emit-
ting region. For a height of 100 km, this effect causes a

spatial variation of about two for emission in the visible
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spectrum. This is small compared to daily, seasonal, and
sporadic variation as shown by Table 1.3.

The attenuation of light by the earth's atmosphere is
caused by:

1. Molecular scattering (Rayleigh scattering). The
Rayleigh scattering coefficient is, in the first approximation,

given by

5 = 3 2n3 (I L)E
M 3N A

(1.12)

where u is the refractive index of air (u ~ 1.0003), N is the
number density of air (1/cm3), and ) is the wavelength of the
light.

2. Llarge particle scattering (Mie scattering). The Mie
scattering coefficient is given by Bp = 1 erE, where r is the
radius of the particle,and E is the efficiency factor which is
dependent on the refractive iqdex of the particles, the radius
of the particles, and the wavelength of the light. However,
in the atmosphere where the primary scattering particles are
large (i.e., > 0.5 p) and have a broad size distribution the
scattering is almost independent of wavelength,and E is about

two.

3. Absorption by atmospheric gas molecules. Absorption
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within tue visible is relatively unimportant, since less than
3 percent of the incoming radiation is absorbed along the
total path within the atmosphere. The ultraviolet is complete-
ly absorbed by ozone belo# 2,9003, and the infrared has many
absorption bands due to molecular oxygen and water vapor.

The total effect of atmospheric attenuation on incoming

radiation may be expressed as,
I =1 exp- (5M 4 + Bp 22 + So 33) (1.13)

where I is the intensity reaching the ground, I° is the inten-
sity outside the atmosphere, 50 is the total absorptionm co-
efficient, and :1, 52, and £3 are the corresponding path
censthr welduced to a standard temperature and pressure.

r.r inis 1eoort, values ol i! were those given by ti¢

e e .« + . ls. e rath length [1, was taken a:

- ar -+ -a-rh's surtace. Altitude variations of 2,
cud by
a (h) = 3, exp(-h 1.14
FOREWNECICY W (1.15)
_ )
+' - altitude, and H,\1 is considered a const-nt o

L. . iiz 5. namely. the scale heicht, and has t--

8.2 km. Termncrature variations of % were igncred, and values
r M
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computed at 0°C and pressure of 1,013 mb were used.

The values of Bp were deduced from actual extinction
measurements of the authors in Reference 19. The attenuation
coefficient over the visible region was found to be BT + ﬁp
= 0,180 ku\'1 for a standard clear atmosphere at sea lezel. ’
The single Rayleigh scattering coefficient, BM , has to be

v

based on the luminosity function, Wk’ of the light-idapted

eye of a standard observer. Then

fr)\ Wy B d)
0
sM = = (1.15)
v
flx o4

o]

where I\ is the intensity of the solar radiation outside the

atmosphere. has been evaluated by many investigators who

™
v

agree that the value is 0.0126 km'l at normal temperature
pressure. The value of 8p then is 0.1647 km'l. Measurements
o
]
up to 38,000 feet showed that height variation of Ep could

Le expressed as

Ep(h) = Ep(o) exp(-h/Hp) (1.16)
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vwhere Hp = 1.12 km. Extinction due to absorption by atmospheric
gases was considered to be contributed only by ozone. All
radiation below 2,9002 was completely absorbed, and a slight
correction was added to the blue region and to the region
around 6,0002 for large zenith angles.

1.3.3 Effects of Atmospheric Attenuation. During twi-

light intervals, some of the sunlight falling upon the debris
to be measured is attenuated by the earth's atmosphere.
Figure 1.6 describes this situation graphically. If I(8) is
the total light flux incident upon the detector at solar
depression angle 2 when the instrument is pointed at the

zenith, then

1) = k /P ¢(5,h) p(h) ¢h (Le17)

0

k includes constants such as the instrumental field of view,
angle of acceptance, transmission of instrument, transmission
of the atmosphere between the cloud and instrument, and the
rote at which each debris atom scatters light when illuminated
by unattenuated sunlight. €(d,h) is the transmission factor
to be applied to raw sunlight to determine the sunlight strik-

ing debris at height h and at solar depression angle 3. ¢ (h)
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is the number of debris scattering material per unit volume
at height h, and dh is an elemental height interval.

If a height, ho’ is defined such that

cos bt T m,
o

ho(km) = 0.97 52 (degree)2
for & <20 degrees

where a is the radius of the earth in km; then ¢ may be con-
sidered as a function of ho and h. The value of ¢ varies from
zero a few kilometers below ho to unity at heights of the
order of ho + 40 km. For depression angles less than about
twenty degrees, € may be considered as a function of a single
variable h/ if h/ = h, - h, to a very good approximation.
Figures 1.7 and 1.8 show curves of c(h) at depression angles
of 8 and 14 degrees for a particular atmosphere to illustrate
this point.

It might be thought that the local weather conditions
would markedly influence the nature of e. This is true only
for the values of ¢ near ho. Values at heights of 3 to 5 km
above ho are not affected by local weather since solar rays

striking such heights pass through the earth's atmosphere
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well above local weather. The variable effects of weather

near the earth's surface do not appreci;bly affect Bqua-

tion 1.17, since ¢ near ho is extremely small in all cases.
Figure 1.7 shows ¢ versus h’ for three sets of weather con-
ditions—average clear day, perfectly clear day, and large

storm in the path of the solar rays.

1.3.4 Determination of the Relative Intensity of Photon

Flux Caused by Nuclear Debris—Resonance Scattering. This

is discussed in Appendix C.
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TABLE 1.1 SOLAR PHOTON FLUX OUTSIDL THE ATMOSPHERE

"e phoconnlcni'ooe'l

Range:

110004-20000A, AM @ L0O0A.

2200A=60004, .81 = S0A: 600A=11000A; Q) = 100A;

2200-2250
22502300
2300+ 2350
21302400
2600+ 2650
2450-2%00
2500- 2530
23502600
2600- 2630
2650-2700
2700-2750
2750-2000
2800-2050
2050-2900
2900-2950
2950- 3000
3000-3050
3050-3100
3100-3150
3150-3200
3200-3250
3250-3300
3300-1350
3350-3400
$800-5850
58505900
39005950
$950-6000

6000-6100
6100-6200
62006300
63000400
6400-6500
6300-6600
$600-6700
6700-6800
6800-6900
6900-7000
1000-7100
7100-7200
1200-7300
7300-7400
7400-7500
7500-7600
7600-7700

a

Hsisnt,

3.16 x 10%

3.9
(I3}
6.7
7.10
1.52
9.66
.
292
3.2
3. 16
.06
()
7.02
.08
.12
1.09
1.16
1.2
1.0
1.30
1.82
1.86
1.92
5.40
5,66
5.68
5.66

3.48
S.6d
Sebh
3.42
S.41
5. b4
S.67
5.9
5.3
5.20
5.3
5.20
5,20
5.17
5. 19
5.19
3.02

x 10
x 10

13

1

3400- 3430
3450-3500
35003930
3930- 3600
3600- 3050
3650-1700
3700-37%0
3750800
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CHAPTER 2

PROCEDURE

2.1 OPERATIONS

Observations were made during and following all events
including some of the air drops. Only the high-altitude
events——Star Fish, King Fish,and to a very limited extent
Blue Gill and Check Mate——yielded meaningful data. Twilight
backgrounds were observed at all sites except during periods
of rain, when sites were unmanned, and when ships were at
Pearl Harbor.

All sites were manned and operating at event time. [i
all cases of interest, events occurred under night conciticrs
with very little opportunity to view material expanding int.

x
-

surlit arcas during early times (seconds to minutes Uil
event). Sites within view of the burst (Johnsten Isiane. --.
§-2, and $-3) had their photometers covered at event tire.
opened them as soon as possible. This varied from a fia <u.-
onds to minutes. The self-luminous area of the sr; was
scanned along a magnetic meridian and in a plane pas<izs
through the visible center of luminosity and perpendic.. Tt

e b

the magnetic meridian. The light thus reccrccc = .

-

due to thermal excitation, collision  prucessus
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electrons, or ionic recombination of the species having a
resonance line at the filter passband. The recorded light
may also have been due to leakage through filter skirts or
.filter transmission at the passband of complicateq tgansi-
tions of higher levels or continuous emissions., These re-
cordings, filter passbands, and instrument sensitivities are
available for reduction. In general, however, the light
sources were of such a complicated nature that little specific
information can be deduced; and detailed reduction has not
been performed.

Stations along the magnetic meridian (French Frigate
Shoals, Tutuila, and Tongatapu) were uncovered and ope-ating
at event time. Their initial pointing was at the conjugate
region, or more specifically a region where the magnetic
field line through the burst point intersected the 130-km
height, or as nearly as possible to this point depending upon
local clouds.

Stations to the west (Midway and Wake) were instructed
for Star Fish to point along a great circle through Johnston
Island and, clouds permitting, at a zenith angle less than
40 degrees which would be optimum for observing material
which might reach sunlit regions. For the other events they

were to be guided by visual observations and point to regions
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which might become illuminated.

Major resonance scattering data was expected during twi-
light intervals following the events. During these periods
all stations operated continuously between solar depression ’
angles of 4 degrees to 18 or more degrees. Ssufficient read-
ings were taken at the zenith position to provide a contin-
uous curve with solar depression angle (each two minutes or
so). In addition the sky was scanned between zenith readings
to determine if the distribution of debris over tne station
was uniform. When clouds were present, the observer tried to
point to clear patches as near the zenith as possible,keeping
a careful record of time and pointing angles on the recorder

chart.

The four-barrel instruments were
not well suited for twilight observations and ceased to yield
meaningful data after about the third twilight following each

high-altitude event.

2.2 INSTRUMENTATION

2.2.1 Filters. The basic principles involved in the

detection of a line emission with a continuous sky background
have been discussed previously. In general, the detection
limit is determined by the statistical noise in the back-

ground signal. For specific cases, other considerations,
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such as cloud dynamics and Doppler shift, are important and
have been considered. Practical application of these prin-
ciples also requires considegation of the availability and
proper use of optical components and detection. Character-
{stics of optical filters and radiation detectors which are
required and available for this application will now be dis-
cussed followed by a somewhat detailed description of the two
photometric systems.

Inter ference filters, as the name implies, utilize the
phenomenon of optical interference of multi-reflected light
to pass selected wavelengths. Basically, a filter consists
of two highly reflecting but partially transmitting surfaces
separated by a spacer layer of non-absorbing material. When
the optical separation of the reflecting surface is a half
wavelength or an even multiple of a half wavelength, the
multi-reflected beams emerge in phase,and the filter has high
transmission. Other wavelengths suffer destructive inter-
ference during the multiple passages in the layer and are
reflected. The principle is so similar to that of a Fabrey-
Perot interferometer that the early type filters were called
Fabrey-Perot interference filters.

The simpiest type of interference filter utilizes thin

evaporated films of silver separated by a layer of magnesium
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fluoride (Mst) which has a refractive index of 1.38 or
cryolite (sodium aluminum fluoride, 3N2F- A1F3) vwhich has a
refractive index of 1.35. These substances have high .optical
transmission over a wide range of wavelengths and may be suc-
cessfully evaporated into thin film of controlled thickness.
A more efficient filter is obtained if the silver surfaces
are replaced by alternate layers of transparent materials of
high and low index of refraction. This system utilizes the
optical interference at the boundaries of the different mate-
rials to obtain a high reflectance which depends on the layer
thicknesses, index of refraction, and wavelength of the
light. Selective wavelength reflectors of this type which
contain as many as nineteen separate layers are available.
These reflectors are often used as beam splitters or wide-
band filters where maximum rejection or transmission is de-
sired. When two such wavelength selective reflectors are
separated by a controlled spacer layer, a high efficiency
filter results. For filters with transmission in the visible
and red, the materials most often used are cryolite and zinc
sulfide (ZnS) with a refractive index of 2.25 after being
evaporated. (The index of ZnS is usually given as 2.4 but
apparently is somewhat less due to the process of evaporation

into thin films.) Alternate layers one-quarter wavelength
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thick are evaporated,starting and ending with zinc sulfide,
and the reflectors are separated by a cryolite layer of thick-
ness equal to an even multiple of one-half of a wavelength.
Filters contniping as many as twenty-three evaporated layers
are available. For wavelengths less than about 450 mu, zinc
sulfide absorbs the radiation, so it is generally replaced by
antimony trioxide (Sb203) which has a refractive index of 2.0
but transmits to about 230 mu. Various applications of this
technique may be used to obtain filters specifically designed
for special purposes. For instance, if a very narrow pass-
band is not required but a sharp cutoff of the passband is
desired, the filter may be made by evaporating two fifteen-
layer filters separated by a quarter wavelayer of cryolite.
Such a filter is often used when it is required that a nearby
strong line emission be excluded.

The films must be evaporated onto a solid base called
the substrate. This substrate also performs another impor-
tant function. Since the filters utilize an interference
principle, the presence of passbands other than that de-
sired, must be considered. Passbands occur whenever the
optical thickness of the spacer layer is any whole multiple
of a half-wavelength. The exact position of passbands is

somewhat subject to variation due to absorptions or other
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properties of the materials used in the filter. A filter in
which the optical thickness of the spacer layer is one-half
wavelength at the passband for which it is designed is called
a first-order filter. Such a filter will have a second-order
passband at a wavelength of about one-half of that of the
desired passband. These extra passbands are usually det-
rimental to the specific purpose of the fil*er and may be
eliminated by use of the proper substrate. For instance, for
filters in the visible, the substrate may be a colored glass
which absorbs strongly at the unwanted passband and is highly
transparent in the desired regions. A large variety of such
glasses is available from the Corning Glass Works. When
transmission is desired far into the red region of the spec-
trum, other materials are used, such as special calcium alu-
minate glass, lithium fluoride, magnesium oxide, and calcium
fluoride. If the optical thickness of the spacer layer is
equal to two half-wavelengths at the desired passband, the
filter is called a second-order filter. Usually the pass-
band of a second-order filter can be made appreciably nar-
rower than that of a first-order filter. However, the
second-order filter will have a first-order passband rela-
tively close to the long wavelength side as well as a third-

order passband to the short wavelength side. This generally
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requires more blocking of unwanted transmission and as a re-
sult causes a reduction in desired transmission due to sub-
strate absorption. Generally, careful consideration of the
amount of blocking required is important, since excessive
blocking reduces overall transmission.

An interference filter is described optically by the
wavelength position, X, of the peak of the passband, by the
transmittance, T, at the peak of the passband and by the
half-width (HW) which is defined as the width of the pass-
band at the level where the transmittance is one-half the
peak transmittance. Sometimes additional characteristics
are specified to indicate the sharpness of the passband.
Then such criteria as tenth-width (tw), or hundredth-width
(hw), are used. Also the amount of blocking is sometimes
specified as free filtet'range (FFR) given as a percentage
of the wavelength of maximum transmittance. These specifi-
cations are given to characterize the filter action upon a
parallel beam of light normally incident on the filter.

If light is incident on a filter at some angle other
than the normal, the optical path thy . ugh the spacer layer
changes, and the wavelength position of the passband is
shifted to a shorter wavelength. This effect may be analyzed

as follows. As in a Fabrey-Perot interferometer, the
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condition for transmission is that the optical path through
the spacer layer be an integral number of half-wavelengths.

Thus

%% =udcosa (2.1)

where d is the thickness of the spacer layer; u, the index of
refraction of the layer; a, the angle of refraction in the
layer;and n is an integer.

For normal incidence, a = 0 degrees and ko = 2 ud/n,

where ko {s the transmission peak for normal incidence, then

A= Xo cos O (2.2)

In order to consider ) as a function of the angle of in-

cidence of the light, note that cos & =V 1 - sinc @ and

u sin a = sin 5, where € is the angle of incidence.

% =) R /1 . sin” 8 -~
(] 2

u

2
a X\ = ‘\/ .sin_98
AN= X=X k°< 1 2 - 1> (2.3)

A plot of this function for a particular filter is

and

shown in Figure 2. 1. Several important considerations for
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the proper use of interference filters may b. deduced from
this function and Figure 2.1. First,the passband shift is
always toward a shorter wavelength, and the magnitude of the
shift is proportional to ko' This effect is very useful,
since a filter may be conmstructed so that the wavelength of
maximum transmission is either exactly where desired or
slightly greater than desired. 1If the latter is the case,
the filter may be tuned for maximum transmission at the de-
sired wavelength by tilting the filter with respect to the
incident light. The effect of non-parallel light is also
evident. It tends to broaden the filter passband toward the
shorter wavelength side. This is an important consideration
when designing an instrument which utilizes interference fil-
ters. If a small bandwidth is required, the field angle
muét also be small. As can be seen from Figure 2.2 the
bandwidth of 108 filter would be useful only if the field
angle were no more than five degrees. If large field angles
are required, a broader bandwidth should be used so that the
broadening is a small percent of the total width. This effect
is even more objectionable if normal incidence is not used.
The slope of the curve increases rapidly after about five
degrees so that even a five-degree field angle would greatly
broaden a passband if used at incident angles greater than

five degrees.
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Parallel light incident at angles other than normal also
broadens the passband of the filter. This effect depends
greatly on tﬁe materials and methods used in the filter con-
struction. It is caused by polarization of the beam due to
the multiple reflection. The passband for the light vibra-
ting at right angles to the plane of {ncidence is at a shorter
wavelength than the passband for the component which vibrates
only in the plane of {ncidence. For the filters using multi-
dielectric films as reflectors, this effect is primarily evi-
denced as a broadening of the passband. This effect is
shown in Figure 2.2 for the same filter as used in Figure 2.1.
Other types of filters, especially those using silver film
reflectors, actually develop a splitting of the passband
into a doublet of increasing separation as the angle of in-
cidence is increased. Measurements and calibrations with
filters used at large {ncidence angles must be carefully
done. -

A different technique for construction of interference
filters has recently been studied in detail in Reference 20.
A thin sheet of mica was used in place of the evaporated
dielectric spacer layer. Filters of half-width less than
12 and transmission of as high as 70 percent were reported.

A detailed theoretical study was made and production tech-
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niques developed. The basic properties of these filters are
similar to those already discussed, the major difference
being the narrov bandwidth which has been attained. This
requires also the use of very narrow field angles and accu-
rate position of the filter wavelength. This latter require-
ment may be a source of difficulty in manufacture, since the
thickness of the layers in a mica film may not be controlled
to the desires of the filter maker. Also, large apertures
may be a problem. As yet, these filters are not available as
a standard item but probably can be made if the requirement
exists.

The birefringent properties of such materials as quartz,
calcite, and other transparent crystals have frequently been
used to produce optical filters. Detailed description of
the optical principles involved and the various techniques
of filter construction are given in widely distributed sci-
entific reports (References 21, 22,and 23 ). The filter
consists, essentially, of a block of quartz oriented with
its optical axis in the plane face of the crystal and placed
between two polaroids. The filter transmits radiation in
sinusoidal passbands which scan in wavelength as the back
polaroid is rotated. Thus, a spectrum line is optically

modulated while a continuous background is not. The width
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and separation of the passbands may be controlled in manu-
facture, and filters have been made with 3-2 passbands
(Reference 21 ). The passbands extend over the wavelength
range of transmission of the quartz, so that in practice a
narrov-band interference filter is used to isolate the emis-
sion line, and the birefringent element is used to modulate
the line.

In recent years, the most-used detector for visible
radiation has been the photomultiplier tube, Continuing
improvements are being made in the efficiency of photocath-
odes and amplifier stages. At the present time, a quantum
efficiency of greater than 20 percent in some parts.of the
spectrum is available with a dark current of about 2 x 10.3
microampere which is equivalent at high sensitivity to an
input of about 10-11 lumen. This figure can be lowered by
a factor of between 10 and 100 by coatdng the cathode. Cur-
rent amplification is as high as 108 and may be usefully
varied down to about 105 by varying the supply voltage.

A very significant advantage of the birefringent pho-
tometer is its ability to discriminate between background
and line emission. Its use assures that the photometer at
all light levels is limited only by signal-to-noise consid-

erations. This is in contrast to photometers which employ
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tvo or more interference filters, one of which is centered
on the emission line to be detected, and discrimination is
accomplished by comparison techniques. A further advantage
of the birefringent photometer is a practical one, that is,
that the output electrical signal is directly proportional
to signal strength, and no computation is required to per-
form discrimination. The birefringent element may be used
with relatively wide field angles; this does not increase
the effective field of an instrument which is limited by the
accompanying interference filter, but it does reduce the
aperture required for the more complex and expensive bire-
fringent element. Birefringent elements must be specifically
designed for individual uses, but they are easily produced
by a competent optical shop.

2.2.7 Photometer Background. Considerable thought and

planning have gone into specific photometer design before

the decision to resume high-altitude nuclear tests. This
work was performed under the Vela Sierra program for Air
Force Technical Applications Center (AFTAC), During September
1961, photometers were built and manned at an Alaska observ-
ing site for AFTAC. Over the past several years, photometers
have been built and operated by Geophysics Corporation of

America (GCA) for various purposes including the detection
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of resonance scattering from contaminants released into the
upper atmosphere over Wallops Island to study atmospheric
dynamicg. The optical, electrical, and mechanical character-
{stics of the field equipment for detecting resonance scat-
tering from debris roleased during the 1962 high-altitude
tests evolved from ihis backlog of previous work and experi-
ence.

Two types of photometers were designed and built for
the 1962 tests. Their general characteristics will be dis-
cussed in detail below. In both types of instruments, photo-
multipliers with high cathode efficiency and filters have been
used. As discussed previously, the filters are manufactured
to tolerances as close as the state-of-the-art permits, con-
sistent with short delivery time and large quantity produc-
tion. Improvements are possible for future instruments by
advancing the manufacturing techniques and by constructing
over a longer time interval,permitting the use of more se-
lective and exacting methods.

2.2.3 Birefringent Photometers. The optical charac-

teristics of a birefringent photometer are treated in detail
in several publications. In its simplest form, it consists
of an interference filter followed by an objective lens, a

birefringent element, a field stop, photomultiplier, and
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subsequent electronic or recording units (Figure 2.3). This
combination permits the modulation of an emission line in the
presence of background in such a manner that the modulated
component of the photomultiplier is proportional to the emis-
sion line strength but independent of the intensity of the
background.

It is desirable for most photometric purposes to have
the aperture of the instrument as large as possible. Since
the first element is an interference filter, this unit really
determines the aperture area. The conventional dimension for
interference filters is about two inches or less; on occasion,
experimental filters five to six inches in diameter have been
built, but the cost and production difficulties make them
almost impossible to obtain in quantity on short notice.
Furthermore, the lack of homogeneity over such large surfaces
usually affects the bandwidth adversely, such that the opti-
cal value of these units is possibly less than that of a
smaller filter of narrower effective bandwidth, After some
investigation, testing, and evaluation, it was determined
that, considering all parameters, it was feasible to produce
circular filters 3-1/2 inches in diameter with the inner
three inches utilized for the aperture. The outside 1/4 inch

around the disk showed considerable deterioration in band-
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width and was masked off by the mounting arrangement. The
filters utilized were produced by Thin Films, Incorporated,of
Cambridge, Massachusetts; and vere tested, measured, and eval-
uated by GCA. The procurement was a joint effort between
these two.organizations in that filters were made in small
batches, tested immediately, and production techniques modi-
fied as required before others were produced.

It is very difficult to produce an interference filter
which is centered exactly at the desired wavelength for light
of normal incidence. As the filters are tilted with respect
to the normal, the passband shifts toward the blue side of
the spectrum. Hence, filters are usually made with their
passbands a few Angstrom units to the : :d of the desired
wavelength. The filters are then tuned by tilting them to
the required angle. Cossets, or filter holders, were built
which were later machined to the required angle to properly
tilt the filter. Tilt angles were determined for each filter
individually and were based upon the measured filter charac-
teristics.

The objective elements were simple positive lenses of
about ten-inch focal length and four inches in diameter.
Since the purpose of the objective lens is simply to define

a field angle, they need be nothing more than simple lenses.
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The birefringent elements were manufactures to GCA
specifications by the Valpey Crystal Company. They were made
from natural optically clear quartz crystals vhich showed
neither twinning, needles, nor other optical flaws. They
were cut into an octagonal form to assist in mounting. Two
blocks per complete filter were employed, measuring about
29 mm along the photometer optical axis (perpendicular to
the z-axis of the quartz which is frequently termed the crys-
tal optical axis). The faces perpendicular to this axis were
oriented to within one minute of arc and were polished. The
octagonal faces were parallel to the above axis and were not
polished. The remaining two axes of the quartz elements were
oriented in the above plane such that they passed through cor-
ners of the octagon to within one minute of arc. The aperture
diameter (corner to opposite corner of the octagon) was 1-1/2
inches or longer depending upon the origiﬁal quartz crystal
from which it was cut.

The birefringent blocks were then mounted in a heavy
aluminum slug which had been built to assure proper alignment
of the elements and which could maintain a constant tempera-
ture. Polaroid, half-wave, and quarter-wave material was cut
in octagonal shape to fit the aluminum holder and to aid in

assembly. Lucite end plates were utilized as well. The
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aluminum holder was wrapped with heating wire and insulated.

A Fenwall off-on thermal switch was utilized to maintain the
qﬁartz elements at about 105°F. The entire unit was assembled
with layers of transparent mineral oil between all components
to reduce the light losses from surface reflections.

Field stops were placed at the focal plane of the objec-
tive lens-birefringent combination. The field was tailored
to five degrees, which is about the maximum permissible
throug% the interference filter before the effective optical
passband is adversely affected.

The photomultipliers employed were RCA 7265 tubes. These
units have a tri-alkali cathode surface, which possesses good
quantum efficiency throughout the visible portion of the spec-
trum, and have a gain of about 107 for total dynode voltage
of 2,500 volts.

During the twilight interval, the light intensity varies
over about four orders of magnitude. To accommodate this
large range, the power supply driving the photomultiplier was
made to be adjustable in 100-volt steps. The sensitivity of
a photomultiplier is logarithmic with input voltage and covers
more than four orders of magnitude between 1,200 and 2,800
volts. In this range the sensitivity increases by roughly

a factor of two for each 100-volt increase in supply voltage.
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Power supplies were built with the required regulation of
voltage and freedom from ripple and voltage variations. The
power supplies incorporated an indicating meter and a selector
switch to adjust voltage in specific 100-volt steps. The power
supplies were mounted to the photometer telescope physically
following the photomultiplier. The supplies were made such
that a complete unit could be quickly replaced in case of
failure. They were hermetically sealed in anticipation of
possible salt spray environment in which they might have to
operate as in the case of the ship sites. In addition to
hermetic sealing of the unit, potting and other precautions
were taken to avoid corona discharge and ohmic leakage. A
salt spray ambient places severe requirements on any equipmenc
requiring high voltages. Figures 2.4 and 2.5 show views of
this power supply. The photomultiplier tube socket is a part
of this supply and is in the plane resting upon the table
shown in Figure ¢.4. Two outputs are normally used; one is
a fraction of the supply voltage to record on a Sanborn two-
channel recorder. This voltage and the second from the pho-
tomultiplier anode are amplified and displayed upon a second
channel of the same recorder.

The back element of the birefringent photometer is ro-

tated by a synchronous motor at 100 rpm. Hence, the anode
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current contains an alternating component at about three
cycles per second which is proportional to the line emission
as described above. This 3-cps signal is amplified by a two-
.atage vacuun tube amplifier in the photometer telescope hous-
ing before it is senc to the recorder. A coding switch on
the modulating motor shaft sends a signal to an event marker
on the same Sanborn recorder. This serves as a phase refer-
ence signal and facilitates analysis of the data for those
cases where the signal is comparable to or less than the
noise fluctuations recorded on the chart. Figure 2.6 is a
view of the two-channel Sanborn recorder used with the bire-
fringent photometers.

During the initial few seconds after detonation, the
birefringent photometers will record intensity at a single
wavelength ' At
the conjugate points the manifestation may last for longer
intervals, and during twilight observations the time interval
over which measurements are made is of the order of an hour.
For such observations a turret wheel which accepts five
interference filters has been provided. The various filters
are indexed into the optical system by hand. 1n this manner,

the utility of each photometer is considerably extended.
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2.2.4 Four-Barrel Interference Photometers. During the

early times aftér a detonation, it is extremely difficult to
predict the light intensity which will exist via the resonance
scattering mechanism. Hence, selection of the operating volt-
age by an operator is impossible, and time sharing of an
optical channel by indexing filters into it would seriously
degrade the data. The four-barrel photometer has been built
to overcome these uncertainties. Four separate optical chan-
nels have been joined into a single unit with each channel
functioning optically and electrically as an independent unit.
The optical axes of the photometers are parallel and utilize
the same mounting and pointing base. Each telescope employs
a different interference filter centered on the emission wave-
length for neutral lithium, neutral and ionized barium, and
neutral zirconium. Figure 2.7 is a block diagram of the
four-barrel interference photometer.

Due to uncertainty in the magnitude of the light inten-
sity, the electrical output is logarithmic with light inten-
sity. This has been accomplished by utilizing the logarith-
mic sensitivity of a photomultiplier with supply voltage. A
supply voltage of 5,000 volts was the starting point for each
channel. By means of a series resistor and two Victoreen

corona discharge tubes, this input was dropped to 4,000 volts
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regulated. A pentode in series with this 4,000 volts and the
dynode resistor string permitted the total dynode voltage to
swing from 1,000 to 2,800 volts with a voltage swing of 0 to
2-1/2 volts into the pentode grid. This voltage was derived
from the anode current through a 1-megohm resistor. With
this arrangement, it is possible to operate with light levels
at the low point corresponding to the background created by
starlight up to levels 105 times greater,with the total dynode
voltage swinging from 2,600 to about 1,200 volts depending
somewhat on the particular photomultiplier employed. Four
separate power supplies were built into a single power unit
which mounts behind the four telescopes and photomultipliers.
Figure 2.8 shows one such power unit open, and Figure 2.9
shows a power unit with four barrels attached to the front

of it. This power unit was hermetically sealed and utilized
many potted components to avoid corona and leakage problems
as discussed in a previous section.

Recording for the four individual photometers was ac-
complished with a Sanborn recorder with eight analog channels,
two for each photometer, as shown in the foreground of Fig-
ure 2.10. The signal to the recorder consists of a portion
of the dynode resistor current. Gain on one of the two

channels is set to cover a range of light intensities
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corresponding to night sky at the chart zero to light levels
105 times higher. The second channel gain causes a deflection
from zero at the night sky intensity to fifteen times this
value for full scale. The response time of the entire systeé
{s of the order of 10 milliseconds and is determined by the
recorder response time.

The measurement of interference filter characteristics,
selection of specific filters, and selection of filter tilt
angles followed the same procedures described for the bire-
fringent photometer.

2.2.5 Photometer Accessories. Both of the above photom-

eter installations use the same base, azimuth and zenith
angle controls, as well as the same general method for re-
cording these two directions. The base is built of heavy
steel to assure rigidity and is fitted with a sheet metal
cover to protect it from the elements. A vertical shaft sup-
ported by two journals gives azimuth motion. It is ad justed
in azimuth by a gear and worm arrangement. To the vertical
shaft a yoke arrangement cradles the photometer and provides
zenith angle adjustment also via a gear and worm arrangement.
Both the two-channel and eight-channel Sanborn recorders
are equipped with eight-event markers or side pens. These

have a total throw of about 1/4 inch and simply indicate
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signal or no signal. Identical encoding units are attached

to the azimuth shaft and to the zenith shaft of each photom-
eter unit. The encoding units consist of a stationary printed
circuit card and a moveable arm attached to the azimuth or
zenith shaft which connects conducting elements on the printed
circuit card. A series of five separate pulse groups are
generated by a motor and rotary switch. Each pulse group is
connected electrically to elements on the printed circuit. By
connecting three of the event markers to each of the azimuth
and zenith encoding units, it is possible to record informa-
tion which defines azimuth and zenith angle to within three
degrees. Since the photometers have a five-degree field, this
accuracy is quite sufficient.

2.2.6 Calibrations. The optical parameters necessary to

perform a calibration were all measured in the laboratory be-
fore the instruments went to the field and again when they
returned from the field. While in the field, natural sources
such as the Moon, Venus, and Jupiter were used to maintain a
continuous record of instrument sensitivity.

The four-barrel photometers employed a feed-back arrange-
ment between the photomultiplier anode and the high-voltage
power source which gave a logarithmic response. It was neces-

sary to use several sources of various known intensities to
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obtain calibration points throughout the dynamic range of
the instrument. For the birefringent photometers,only a
single known source was necessary to perform the calibration.
In all cases the optical characteristics of the inter-
ference filter are important. Calibration is always per formed
with a known source of continuum light. The transmission,
T()\), of each filter as a function of wavelength, X\, was
measured with a high dispersion monochronometer. These
measurements were made before going into the field and after
returning from the field. The sun was used as a known source
on clear days. Neutral density filters of known transmissions
and diaphragm stops were used to reduce sunlight incident upon
the instrument being calibrated.” If the light of flux, 1IN,
from a point source is known, and if the instrument is pointed

such that the source is within its field of view, then

0

A K ;’QI(x) T(3) d (2.4)

(o)

R = Tf

Where: R is recorder deflection
T, is the transmission of any neutral density
material employed
A is the aperture area of the objective or diaphragm
if used

I()\) is the incident intensity from the source in

photons/cmz-sec
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T()\) is the interference filter as described above

A is the wavelength
k is the instrumental calibration factor to be determined.
1t involves the photomultiplier sensitivity, electronic gain,
and instrumental transmission. The integral appearing in
Equation 2.4 is performed with a desk computer using in-
tervals of about 1X for d\. Since R is in chart units of
recorder deflection, the units on k are units of deflection
per photon with the other units as defined.

The birefringent photometers employed a power supply

for the photomultiplier which was adjustable from 1,000 to
2,500 volts in 100=volt steps. It was necessary to deter-
mine for each photometer a value of k for each of the voltage
settings employed. The birefringent element can be consid-
ered a device which modulates an emission line, but not
continuum. Continuum light produces a direct-current de-
flection; therefore, the above values of k were determined
by observing such deflections. For a line emission which
fills the photometer field of view, the light flux, 1, in-

cident upon the photocathode is given by

BAT (lo) Q

o= —7n (2.5)

4r
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Where: ¢ is the light flux in photons per second

B is the intensity of the line emission in

photons/cmz-sec-steradian
T(N) is the net transmission of the instrument at
wavelength ko of the line emission

Q is the instrument field angle in steradians
The debris signal is a line emission which fills the field
of view, and the value of B is to be determined from the
recorded level and from calibration data. This line emission
is modulated sinusoidally,and the recorder deflection can be
thought of as a direct-current component proportional to
the continuum background plus an alternating-current compo-
nent proportional to the line eniission.

Where R | is the peak to peak deflection of the alter-

nating-current component,

R =k 2.6
pp 3 (2.6)

where k is determined from Equation 2.4 and ¢ from Equation
2.5 . Values of b are determined from these relations. In
practice,values of k were determined with a vacuum tube volt-
meter at the photomultiplier anode, and the alternating-cur-
rent signal was amplified with an amplifier of known gain

before applying the electrical signal to a Sarborn recorder.
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Amplifier gain and recorder sensitivity was then independently
measured to obtain an effective k for the entire system.

For the four-barrel instruments with direct-current
recording and logarithmic response, Equation 2.4 1is still
valid, but k is itself a function of light intensity incident
upon the instrument. For this type instrument the observed
deflection is the sum of line emission and continuum. These
instruments were calibrated by measuring the interference
filters, and using the sun plus neutral density filters to
determine sunlight entering the optics. Deflections were
then plotted on semi-log paper against known light fluxes.

As described previously, they were meant to record the rapid
motion of debris into sunlit regions for events scheduled
just prior to morning twilight. To use them to detect debris
during twilight several hours after event time, it was neces-
sary to subtract values of a normal twilight (no debris pre-
sent) from readings following an event. For the first twi-
lights following an event when debris concentration was
fairly high and for large depression angles where the back-
ground to be subtracted was low, this process was fairly
accurate. Under other circumstances, the four-barrel in-
struments were not considered reliable.

The various parameters involved in the calibrations
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were measured with sufficient precision to permit determina-
tions of debris signal intensities to within 10 percent.
However, some deterioration in interference filters during
the field operation was noted by comparing the T(}) measured
before and after going into the field. This effect varied
from instrument to instrument and filter to filter, but
caused an uncertainty of about twenty percent on the average.
This uncertainty is comparable to or less than that caused
by local sky transmission. The effect of clouds upon the

data will be discussed in Chapter 3.
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CHAPTER 3
DATA PROCESSING

3.1 DATA REDUCTION

The following two sections will consider specific details
in the process of data reduction. Light intensities were re-
corded in an analog fashion on Sanborn recorders utilizing
thermal=sensitive recording paper. Time was marked along the
abscissa (axis of paper transport) of the charts utilizing
chronometers set to WWV. Between these time marks (placed
each 3 to 5 minutes) a linear interpretation was used to de-
termine specific times. In most cases, the frequency of the
110-volt ac power was not constant enough to interpolate over
time intervals greater than 5 minutes. Utilizing the latitude,
longitude, and calendar date, curves of solar depression angle
against time were plotted for each twilight interval at each
site. Data was read and tabulatéd as a function of solar de-
pression angle. The depression angle parameter determines the
earth's shadow height and the intensity of continuum back-
ground.

At regular time intervals, the reading of galvanometer
deflection (along chart ordinate) was tabulated. From cali-

bration factors these readings were converted into absolute
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units of intensity due to debris. These intensities were then
related to the quantities of sunlit debris above the observing
sites. Some details of these conversions and methods are given
below.

3.1.1 Birefringent Photometers. As explained previously,

the rotating polaroid component of the birefringent element
modulated monochromatic light scattered from debris, but it did
not modulate continuum lic" . The rotation frequency of this
component was 1-2/3 rev per sec which gave a modulation fre-
quency to the photomultiplier output of twice this value,3-1/3
cps. For very high continuum levels, the ideal filter charac-
teristics begin to break down,and extraneous continuum modula-
tion at 1-2/3 and at 3-1/3 cps can occur. The 3-1/3-cps modula-
tion of contlouum iz due tc the interference filter passband
characteristics and is usually quite small. It was negligible
for solar depression angles greater than about 5 to 8 degrees
as evidenced by twilight runs when no debris was present. The
instruments went into the field with slightly defective polar-
oid material in May 1962. The defect was an inhomogeneity in
transmission over the surface of the disk. This generated an
error signal of 1-2/3 cps. It was not possible to analyze and
correct the problem prior to the Star Fish event. After Star
Fish, the problem was analyzed and better polaroid disks pro-

vided for all subsequent events.
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The ac photomultiplier output was amplified and dis-
played as a 3-i/3-cps signal on the Sanborn recorder. Peak-
to-peak deflections were read from the charts in chart units
as a function of time. These units were multiplied by
appr;priate calibration factors to convert peak-to-peak
readings to the number of sunlit atoms above the observing
site. For solar depression angles where the 1-2/3-cps error
signal was appreciable, the combined signals required special
analysis to extract the peak-to-peak value of the 3-1/3-cps
component.

The separation of these two signals was accomplished
by generating a waveform like the observed waveform from
known sources of 1-2/3-and 3-1/3-cps components in the labo-
ratory. 1t was necessary that the amplitudes of the 1-2/3-
and 3-1/3-cps inputs as well as their relative phase be
selectable if a perfect match of wave forms was to be achieved.
After a match was obtained in waveform, the ratio of a char-
acteristic dimension of the combined wave to the peak-to-
peak amplitude of the 3-1/3=cps component was determined.
The ratio was then applied to readings from observations and
the debris densities determined as before. Figure 3.1 shows
an almost pure 3-1/3-cps debris signal during the morning

twilight following Star Fish as observed from S-5, and a
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trace twenty days later when the debris signal had greatly
diminished and at a solar depression angle when the 1.2/ 3
cps extraneous signal was significant. As mentioned above,
for very high continuum levels a 3-1/3-cps extraneous signal
sometimes appeared. This effect is not considered further
since it was too small to influence the data presented in
this veport.

3.1.2 Four-Barrel FPhotometers. The four-barrel photo-

meters had a logarithmic response as described in the in-
strumentation and calibration sections. Their response was
a function of all light transmitted by their interference
filters; that is, debris signal plus background. The out-
puts of each of the four photometers of the unit were re-
corded on two channels of a Sanborn in order to provide a
greater dynamic range. The sensitivity of each photometer
was adjusted to give about one-fourth scale deflection from
night sky alone‘on the most sensitive recording channel.
This assured that the {nstrument was as sensitive as back-
geound levels would permit. Since the lunar phase changed
appreciably during the field runms, frequent adjustments of
sensitivity were required. Calibrations using direct light
from the moon and planets were performed each time the sen-

sitivity was altered.
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The normal twilight background can be subtracted from
a measurement containing background plus debris to determine
the debris contribution to observed light levels. This pro-
cedure is very imprecise due to uncertainty in cloud cover,
haze, and other variables from twilight to twilight. It was
found that zirconium signals, when they appeared at all, were
only evident from solar depression angles below about twelve
degrees. This is due no doubt to the relatively small amount
of zirconium released and to its atomic weight. By determining
the ratio of the zirconium deflections to others, it was
possible to eliminate in large measure the effects of cloud
cover. The method assumed,howevgr,that for a particular de-
pression angle the zirconium present was small compared to the
other constituent being determined. In those cases where small
amounts of zirconjium were present, the determined value of
the other constituent would be too small by an amount about
equal to the zirconium contribution. This method was used
to evaluate and reduce data reported for
barium, and ionized barium above twelve to fourteen degree§
solar depression angle. The uncertainty in the data for
these species is perhaps thirty percent above fourteen
degree? depression angle, and greater for lower angles to a
point (ten or twelve degrees) where this type photometer is

no longer reliable.
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7irconium concentrations had to be determined by sub-
tracting twilight without debris from twilight plus debris
data. The fact that zirconium concentrations were near the
instrumental threshold and that signals appeared only at
low depression ;ngles makes these readings quite inaccurate.
They are probably not to be relied upon to better than a

factor of ten.

3.2 ARITHMETICAL OPERATIONS
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CHAPTER &

OBSERVATIONS AND RESULTS

Each twilight was observed at all sites when operators
were on site with equipment {installed. This procedure was
established to insure that the equipment was maintained in
good order and to familiarize the operators with various sky
conditions and methods of observing. The data obtained prior
to event times was useful in evaluating instrument stability
and provided a backlog of calibration characteristics. In the
case of the four-barrel interference photometers, it also pro-
vided a series of typical twilight levels which could be com-
pared with data obtained after the events.

Island site locations are given in Table 4.1 and ship
locations at event time in Table 4.2. The positions of the
§-1, §-2,and S-4 for all events except Star Fish were so close
to Johnston Island that, for the purposes of the present pro-

ject, they may be considered as a single observing station.

4.1 BLUE GILL
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4.1.2 Johnston Island. Following detonation, signals

were well above background on all four filters and continued
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so for about sixty minutes. The photometer was used to scan
through the cloud along two diameters during this interval.
The first scan started at the magnetic north edge of the
cloud, passed through the cloud center, and continued out
through the magnetic south edge. The second scan was perpen-
dicular to the first passing through the cloud center.

No signals significantly above background were detected
during any of the subsequent twilight observations.

4.1.3 French Frigate Shoals.

4.1.4 8§-2,Henry County.

4.1.5 S-4, Point Barrow.
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4.1.6 Tutuila and Tongatapu. At these sites a visible

auroral-type streamer was observed. It contained negligible
light at the filter passbands and was of short duration.

4.1.7 Wake. At event time, the sky was 75 percent cov-
ered with a hazy hole at the zenith. There was no visual phe-
nomena and no detectable signal on the photometer at this time
or during subsequent twilights.

4.1.8 Midway. Heavy overcast and intermittent rain ham-

pered observations at event time.

No further

signals were observed during the following twilights.

4.2 KING FISH
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4.2.3 Tutuila. At event time, there was a general

{1lumination of the clouds in the conjugate area. The photom-
eter had the 45568 filter in place to detect the presence of
{onized barium. A short pulse of a few seconds' duration

was recorded. Other filters were {ndexed into place, but

nothing was detected.
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Ionized and neutral barium were last detected during the
morning twilight at H plus 51 hours. The morning twilight at
H plus 27 hours permitted a determination of the concentration
of ionized and neutral barium as 8 x 106 and 2 x 106 atcms/cm2
column, respectively. The zirconium channel did not show more

than a trace of signal, if at all.

4,2,6 S-1, Summit County.
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4.3 CHECK MATE

The only signals from
debris which were positively {dentified were due to ionized
and neutral barium at and near Johnston Island. The first
morning twilight gave signals corresponding to 8 x 107 ions/cm2
and 107 atoms/cm2 column. The signals decayed rapidly and

were not detected beyond the first evening twilight.

4.4 STAR FISH

Barium
and zirconium signals comparable to King Fish were observed

from Johnston Island.
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4.4.1 S-5. The sky was clear for the event and illumi-

nated to the horizon in all directions.

The sky was mostly clear during the twilight following

the event.

4.4.2 Johnston lsland, §-2, and S-4. The four-barrel

photometer detected strong signals through all filters for

}
about thirty minutes after event time. Scattered high clouds

increased to partly cloudy with both cirrus and altocumulus

for the first morning twilight. Quantitative measurements were
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Subse-
quent twilights were subject to bad .weather and varying back-
ground conditions that precluded accurate determinations with
this.type of photometer.

4.4.3 Wake. This birefringent site had a solid overcast
and rain showers at event time with no visual or instrument

indications recorded.

4.4.4 French Frigate Shoals and §-1. Bright auroral

effects with general sky illumination that decayed in a matter

of minutes were observed from these sites at H-hour. For

4.4.5 Tutuila and Tongatapu. Although these sites were

almost completely covered by clouds, they observed the same

type effects as did the northern conjugate points at event
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time.

No other observations
were available because of rain. The instrument at Tongatapu
was unable to detect any debris during the few twilights avail-
able subsequent to the event.

4.4,6 Midway. Observations lasting several minutes were
made at event time, both visually and with the interference
photometer. During subsequent twilights, this site had a total
of eleven observations between the period 9 July AM through

18 July.

The measurements made during the
latter days of this pericd are subject to some scrutiny because
of a variable background created by a combination of moon and

clouds.
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4.5 TIGHT ROPE

The two southern sites saw no manifes-
tation at event time. French Frigate Shoals saw a very brief
flash but no indication cn the instrument. The shipboard
sites 16 close to Johnston Island and the Johnston Island site
detected self-luminous radiation for approximately thirty

minutes.

None of the sites detected signals that could be attributed

to the Tight Rope event during subsequent twilights.

TABLE 4.1 ISLAND LOCATIONS

Site Latitude Longitude Distance from
Johnston Island
km
Johnston Island 16 20'N 169 30'W  ee---
French Frigate Shoals 23 10'N 166 10'W 910
Tutuila 14 20's 170 50'W 3,880
Tongatapu 21 10's 175 10'W 4,300
Midway 28 10'N 177 20'W 1,500
Wake 19 20'N 166 40'E 2,320
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CHAPTER 5

DISCUSSION

The first two counsiderations above have received con-
siderable theoretical and experimental attention. The third
is covered in large measure by Project 9.1 b. The fourth,

that of diffusion, has received considerably less attention.
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These observations are consistent with a model which
showed King Fish debris to be stopped within a few tens of
km, and then to have a subsequent rise by buoyancy to 400
or so km. During the rise, the debris cloud expanded, main-
taining local pressure equilibrium, and at 400-km height was
several hundred to a thousand km in diameter. Peak intensity
at Wake in two days and at Tutuila in five days is attributed
to expansion by wind, diffusion, or by both processes. The

faint signal observed the first morning at Tutuila is not

236



explained by this process. Relatively hot or dynamic ions
may have diffused or otherwise traveled along magnetic field
lines during the early time or in the rising phase of the

debris motion.

The detonation height of Star Fish was responsible for
a broad distribution of material during early times. Strong
signals were observed the first morning at all sites except
the southern conjugate area,where bad weather makes inter-
pretation of these records difficult, A weak signal was
observed through clouds at Tutuila during first twilights;
however, maximum signals were observed on about the fourth
day. This was due presumably to diffusion from the detonation
area, or from the point of deposition in the southern
conjugate area. Tongatapu experienced very bad weather
throughout the period and may have had instrumental problams.
No signals were observed from Tongatapu. Wake observed a
maximum about 36 hours after the event, presumably due to
diffusion from the detonation region. Measurements from
the S-5 indicate that debris went well north of the supposed

northern conjugate region for Star Fish. This ship had been
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placed below a point where undisturbed field lines through
the detonation would intersect approximately the 150~km
height region. During the first morning, north-south scans
{ndicated that signal increased as far north as the instru-
ment could look, which was limited by atmospheric nttenuation.
at low elevation angles. Assuming a height of 130 km for

the concentration maximum and an elevation angle of 20 degrees
where attenuation is not serious, it is then surmised that

the maximum concentration was 300 or more km to the north of
s-5. Figure 5.6 shows the relative north-south intensities
from S-5.

The amount of specific debris constituents for each
device is fairly well known. It might be hoped that,using
concentrations determined over each site, a total inventory
might be performed. One of the uncertainties,

is the unknown degree of ionization.
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represent this effect. The morning measurements are marked
with an M and evening with an E.

Reliability to be associated with the tabular data is
of the order of 90 percent from instrumental calibration.
Uncertainty in atmospheric transparency is of the order of
60 percent for observations marked clear. Observations made
through heavy clouds in some cases have been included for
times and at sites where it was felt that data should be
included, even where uncertain. Such data is probably no
better than 10 percent. In the observing and reduction
process, readings were made at times and positions near the
zenith where the sky was clearest. Intermittent clouds,
therefore, did not seriously degrade the results. The data
from the southern conjugate area following Star Fish is
generally inadequate to perform total or even relative
inventory estimates. Bad weather and large distances between
the two sites there does not permit an adequate representation
of this important area. -

In general, the {nstrumentation performed well. All
sites were functioning except Tongatapu
following Star Fish. Signals were observed in all other
cases down to nearly the theoretically predicted thresholds.

The bunching of ships near the detonation, except for Star Fish,

was wasteful and a considerable loss in spatial resolution resulted.

Appendix B contains later evaluation of the data.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

Some of the apparent conclusions are summarized: (1)
Low~yield, low-altitude devices do not lend themselves to a
study by resonance scatter techniques. (2) Devices such as
King Fish, Star Fish, very high yield weapons at 50 km or
higher, and low-yield weapons salted with an appropriate
material, give debris concentrations which can be followed
for many days and over wide geographical areas. (3) An
inventory of material cannot be made with a neutral species,

unless the degree of ionization is established

by independent techniques. Another species for which the
neutral and ionized state can be observed should largely re-
move this uncertainty. (4) Diffusion is an important mech-
anism for the long-term spread of debris over wide areas. (5)
Early time observations were made but have not been studied.
This data also includes Tight Rope and some of the air drops.
This data cannot be readily interpreted, and further study
must involve other inputs. No resonance scattering was ob-

served for any of these low-yield, low-altitude events.

Appendix B contains later evaluation of the data.
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6.2 RECOMMENDATIONS

Recommendations are divided into two parts. The first
deals with the present data and how it may best be used. '&he
gecond deals with measurements and devices which, during any
subsequent series, can yield important information by better
utilization of resonance scattering measurements.

In the first case, it is recommended that this data be
analyzed in conjunction with other experimental data such as
riometer measurements, wind measurements, and experimental
determinations of the diffusion coefficient at all heights
of interest. Theoretical computations of long-term expansion
which have been performed should be checked in terms of this
existing data. If necessary, extensions of theoretical work
should be performed. A good fit between theoretical prediction
and observation will provide valuable knowledge for estimating
the effects of nuclear detonations at all heights.

Spectral data from other projects should'be studied.

This will provide a determination of the event time luminosity.
The photometer traces reported above may then be studied to
evaluate temperature of the self-luminous areas and the atmos-
pheric emissions excited by the detonation energy released.
This information may be very helpful in the description of short-

time expansion and initial cloud dynamics.
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In the second case, hindsight clearly indicates improve-
ments in observing techniques and modifications of experiments
which can yield superior results. These are listed as follows:
(1) 1In view of launching difficulties, it seems improbable
that events.can be scheduled at precise depression angles when
the four-barrel photometers can best be employed. However,
these instruments have made significant short-time measure-
ments and probably should be retained. It is recommended that
a birefringent instrument be provided for at least one of the
close-in sites to provide longer time data. This modification
would require no additional personnel at the site. (2) 1In-
stallations on ships are very desirable because of the ability
to place them in predetermined locations and to change these
from event to event. During the present series, however, ship
locations were determined not by the photometric requirements
but by other projects. Ships which can be deployed in accord-
ance with all experiments aboard without too much sacrifice
to anyone are especially suggested. (3) In the past, only
debris species which occur naturally in the weapon have been
observed. Where rocket capabilities exist, it is recommended
that a few pounds of trace material (inert as far as the weapon

is concerned) can provide an excellent source for photometry.
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For example, barium beyond that expected from fission could
be carried and provide measurements of both an fonized and
neutral species fully as good as

Calcium, magnesium, and aluminum
are cited as other possible constituents with which a nuclear
weapon may be salted. 1In such cases, it would not be neces-
sary to use a high-yield device to obtain very valuable data.
A moderate-to small-yield weapon (10 kt) at the proper alti-
tude and salted with one or many species could yield a vast
amount of debris motion data. This includes both the short-
time magnetically guided debris as well as the neutral debris
which expands by wind and diffusion processes.

Aircraft should be considered as én observing platform,
since they can fly above most ¢loud cover, can cover broad
geographical areas, and can modify their flight plan if
the data, or other data, indicates that debris has spread to

other than predicted areas.
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APPENDIX A

EFFECTS OF ATMOSPHERIC ATTENUATION

A.1 INTRODUCTION

The debris-tracking program utilized the resonance
scattering of incident sunlight by atoms deposited in the
upper atmosphere to study the long-term distribution of the
material resulting from a high-altitude nuclear detonation.
Photometric measuremeﬁts of specific spectral lines were
made during morning and evening twilight periods. Figure A.l
illustrates the general geometry of the situation and
{ndicates that an important portion of the sunlight which is
eventually incident on the debris must first pass through
the earth's atmosphere. The effects of the atmosphere on
the solar radiation passing through it, in terms of refraction,
scattering,and attenuation must therefore be considered.

The resonance radiation from an atomic species in the
upper atmosphere as received by a detector on the earth's

surface is given by

I(g) = Kf €(8,h) p(h) dh (A.1)

o
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K includes constants of the optical system such as field
of view, also instrument transmission between the source and
the instrument, and the scattering rate of the observed debris
when fully {1luminated by unattenuated sunlight. e(d,h) is
the transmission factor to be applied t; unattenuated sunlight
to determine the actual solar energy {ncident on the debris at
height, h, and at solar depression angle, 3. p(h) is the
number of debris particles per unit volume at height, h, and
dh is an elemental height interval. If the effects of the
atmosphere are neglected, the illumination function e(d,h)
will be unity outward from the earth's shadow line and zero
within the shadow zone. Since the term ¢(d,h) is a constant,
{t may then be taken outside the integral, so that for a given
signal 1(%), a solution is found in.terms of the integral of
p(h).

However, if atmospheric effects are considered, ¢(®,h)
will be a variable function of several atmospheric parameters,
and because of certain smearing processes, the shadow line
cutoff will no longer be sharp or well defined. The
illumination function cannot then be taken outside the integral,
and its variation with height must be investigated.

A preliminary survey of the literature revealed that

comparatively little work has been done on the subject of
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twilight illumination. Because of its importance in the
investigation of airglow phenomenon, the subject has been
investigated by workers in airglow and upper atmospheric
physics. Chamberlain (Reference 25 ) has included a discus-
sion of the general problem in his book on the aurora and

airglow. Additional studies of the problem have been under-

taken by various authors (References 26 through 29), and reference

to their work will be made throughout this report. Unfor-
tunately, none of the above papers are very detailed,and
they generally concern themselves with situations and param-
eters not applicable to the area of interest.

Because of this lack of acceptable data, it was decided

to carry out a detailed analysis of the effects of the earth's

atmosphere on twilight illumination

The
following atmospheric processes were considered in the
analysis: (1) differential refraction of incident radiation,
(2) Rayleigh (molecular) scattering, (3) Mie (particle)
scattering, and (4) ozome absorption. Each of these proces-
ses will be examined individually for its effect on a light
ray passing at various heights above the earth's surface,
i.e., selected rays will be traced through the atmosphere.

Thenthe combined effect will be consideted’and the final
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results of the various ray tracings will be applied to the
problem of debris in the upper atmosphere.

It should be noted that several simplifying assumptions
have been made,owing to the requirement of generating
transmissivity functions early enough to permit computer
operation on the photometric data. These include the fol-
lowing:

(1) The field of view of the photometer is small such
that horizontal variations of density over the linear field
of the instrument may be neglected. The field of the photo-
meter used is 5 degrees.

(2) The solar azimuth considered by Chamberlain
(Reference 25 ) as @ basic geometrical parameter has been
neglected. ‘since this program was interested in ascertaining
the corrections to be applied to the photometric data based
on model atmospheres, it was felt that the application of
solar azimuth was more appropriate to possible synoptic
analysis in the future. It is to be noted that tables of
solar azimuth can be prepared quite easily for each obser-
vation station in much the same manner as solar depression
angle based on latitude and longitude of earth station and
solar position. However, instead of considering all the

individual stations, calculations of refraction and attenuation
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of the rays have been made using only the depression angle
§ as the solar position parameter.
(3) The effect of diffraction of the solar rays has
been neglected. As the results of this analysis will show,
the lowest altitude rays suffer appre.ciable diminution. It
can be seen that diffraction effects are manifest in precisely
the region of maximum attenuation (where F(h) is so small that
the p(h)F(h) product is very small) so that it may be neglected.
(4) The fact that the finite size of the sun subtends
an angle has not been considered. According to Hunten,
(Reference 26), to a first approximation, one may consider
the derived patterns to be smeared over a distance cor-
responding to about a half degree of arc, or about 10 km.
For the sake of simplicity, all solar rays were considered
initially parallel.
(5) Apart from the aforementioned effects of the
various mechanisms influencing the solar illumination in its
passage through the earth's atmosphere, 1.e., refraction,
Mie and Rayleigh scattering, and ozone absorption, no other
effects were considered.
The purpose of this study was to determine the effects
of refraction and attenuation of solar illumination on a

distribution of material observed photometrically during
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twili;ht. The previously mentioned references on the subject
have shown that owing to the complexity of the problem, no
unified solution is available. The effect of atmospheric
attenuation of sunlight was investigated for three atmospheric
models with widely varying characteristics. In subsequent
sections, there are discussions of the several models assumed
for each influencing factor. In general, three sets of final
curves are presented for each solar depression angle which is
considered? optimistic case (minimum attenuation), average
case, and pessimistic case (including a tropical storm yield-

ing variable and maximum attenuation).

A.2 DIFFERENTIAL REFRACTION

A.2.1 GCeneral Discussion. Owing to the difference in

density between a finite value in the earth's atmosphere and
a negligible value in free space, a ray of light incident on
the atmosphere will undergo refraction, i.e., it will be bent
away from its original direction of travel. Because of the
variation of density with height within the atmosphere, the
light ray will trace a curved path and emerge into free
space at a fixed angle of inclination (the total angle of
refraction) to its original direction.

Application of Snell's law of refraction to spherical

surfaces leads to the relation
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ur sin i = koo sin io = constant (A.2)

Where: u = index of refraction
r = radius vector to a point on ray path
i= aﬁgle of incidence of ray to the normal at this
point
u_ = index of refraction at earth's surface
r = radius of the earth = 6,371 km (assumed equatorial
radius)
The index of refraction, uw(h,\) is a function of the
atmospheric density and the wavelength of the light being

refracted and may be calculated by means of the relation

(Reference 30)
u-n+1-“—TP-x10'6+1 (A.3)

where

-

-3 -4
A= 77.5 1 + 5.15 x 10 + 1.07 x 10
lz ka

) = wavelength of light in microns

p = atmospheric pressure in millibars

; .0
T = atmospheric temperature in K.
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A graph of n(=p - 1) as a function of altitude above the
earth's surface is given in Figure A.2.

For the case of a ray of light from an object (e.8«»
a star) just on the horizon, 1.e.>w1th io = 90 degrees, the
total amount of refraction recorded by an observer at the
earth's surface will be approximately thirty-£five minutes of
arc (Reference 25 ). If this ray were to pass completely
through the earth's atmosphere, and emerge into free space,
the total refraction would amount to twice this figure or
about seventy minutes of arc.

Assuming an exponentially decreasing atmosphere, the
angle of refraction for a ray of light which passes completely

through the atmosphere is given by the expression: (Reference

3
a -JZna v exp(-a hmin/ro) (A.4)
Where: « = total angle of refraction in radians
a=7.67 x 10°

p
y = 2 nel
o}

atmospheric density

D
[ ]

altitude of closest approach of the light ray to

=2
]

min

the earth's surface
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For purposes of calculation, the earth's atmosphere was
assumed to approach zero density at an altitude of 40 km and
‘ to be horizontally homogeneous along the‘appropriate spherical
surfaces in all its important properties. These assumptions
will hold throughout the report unless otherwise noted.
For an earth with no atmosphere, an impact parameter

may be defined by: T; *® 6,371 + hy, where h, is the distance
of closest approach to the earth's surface (see Figure A.3).
At large distances from the earth, u approaches unity, and

the incidence angle i approaches 90 degrees. Then

ur sini =r sin i = constant = T, (A.5)

which then fixes the constant to Snell's equation.

Because of the refractive properties of the earth's
atmosphere, however, the ray will be bent and pass closer
to the earth's surface than would be the case if there were
no atmosphere. At the position of closest approach, the

angle of incidence i = 90 degrees, and

Hmin “min =Ty (A.6)

where £, * hmin + T hmin being defined in Equation A.4 .
Knowing the variation of u with altituvde, Toin can be cal-

culated for any given value of r, (and vice versa). It can
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be shown that the point of closest approach represents an
axis of symmetry for a refracted ray path, the light ray
following jdentical paths on either side of the minimum
point. For convenience in initial calculations, it was
assumed that the position of closest approach occurred along
the normal XY (see Figure A.3) for all rays, regardless of
altitude, an assumption which introduced a maximum error of
approximately thirty minutes of arc into certain later
calculations on optical path lengths.

As applied to the study of resonance scattering from
debris in the upper atmosphere, the refractive properties
of the earth's atmosphere produce the following three effects:

(¢9)] Sincé the ray is bent away from its original
direction and in toward the earth's surface, it will even-
tually illuminate part of the region within the earth's
idealized shadow zone, thereby effectively lowering the
earth's shadow height.

(2) A ray of light undergoing refraction will traverse
a lcnger path through the earth's atmosphere than a non-
refracted ray.

(3) Since a ray passing through the atmosphere at
high altitude will experience less refraction than a ray at

a somewhat lower height, originally parallel rays of light
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will tend to spread apart resulting in a diminished solar
{l1lumination. (Note that the assumptioa is made that the
" sun's rays are initially parallel. As was mentioned in the
{ntroduction, no serious error is believed to result from
this assumption).

Each of these effects will be discussed separately in
the following sections.

A.2.2 Ray and Shadow Heights. Neglecting atmospheric

effects, the height of a light ray above the earth's surface
as seen by an observer located at a solar depression angle
5 may be calculated from the relation (see Figure A.4),

Yy 2

h(s) = s s~ Yo = 0.97% (A.7)

Where: r, * 6,371 + hi (km)
hi = minimum ray altitude above the earth
§ = solar depression (degrgesz

Note that the height of the earth's shadow is given by con-
sidering the ray with hi = 0,

However, as previously discussed, after passage through
the refracting atmosphere, a light ray will be bent away
from its original straight line path and will illuminate

part of the unrefracted shadow region. For accurate
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calculations of twilight effects, it is necessary to compute
the refracted heights of various solar rays as a function of
solar depression. Both Link (Reference 27) and Fesenkov
(Reference 28) have considered the problem of refracted ray
heights for varicus values of hmin and for solar depression
angles between 0-15 degrees. Link, however, fails to discuss
the procedure used for arriving at his results in any great
detail,and a careful examination of his work reveals certain
{nconsistencies, especially for small angles of solar
depression (i.e. < 6 degrees). Fesenkov does present a
detailed discussion of his methods; however, his work,
while very accurate,requires a time-consuming set of com-
putations to produce final results.

It was decided to use an iterative approximation method
for the initial set of calculations. It can be shown that
.the angular refraction (at least for non-horizon values)

occurring between two points can be written as (Reference 32)

B4
% e = € (m % f a(h) dh (A.8)
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vhere C is a constant of the geometry. Since this analysis
is concerned with solar depression angles greater than 0,
the expression is valid.

For a first approximation, Link's height data as a
function of solar depression was used to fix the limits on
the integ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>