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ABSTRACT 

Ten sites were equipped to observe resonance-scattered 

sunlight from selected debris species.    These species were 

ionized 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 

subsequent 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 

ions 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 sufficient 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 lens. 

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 for 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 measurements of early time debris 

by resonance scattering,  since only minor amounts of debris 

moved beyond the earth's shadow.    Measurements of  that 

debris which did become sunlit were made, and other early 

time measurements which may be related to thermal,  photo- 

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 proper processes  (i.e.. diffusion, magnetic 

guiding, wind transport, or turbulence) which act to distrib- 

ute this debtis 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). 

15 



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 

References 3 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 

bet-r. an outgrowth of such experiments and of such observations 

(References 6 and 7)» 

Below ninety kilometers, previous experimc^Ml attempts 

to 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- 

16 



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 detection and tracking by optical 

resonance scattering techniques is described 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 . 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  (Reference« 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 the  incident radiation is 

B^j P(v) ^'^ 

where B^ 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 B^ is related to the Einstein 

coefficient for spontaneous emission A^ (transition proba- 

bility) by the relation 
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where S1 and S2 are the statistical weights of levels one and 

two. For an atomic energy level, S - 2J + 1. and for a term 

as a whole. G - (2S + 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), 

p.-^^-A. , Pe(v) cgs (1.3) 

The quantity Pe(v) is in units of erg/cm3.unit frequency 

interval. Pe(v) - Dp(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 - J, where c is 
2 

velocity of light,and cp has units of photons/cm -sec-unit 

frequency interval if P has units of Pp above. Since 

v . £; dv - - -^ dX, then 
x       X 

Pe(v) - H x2 ^ 

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

r      S1    Srtc      y 
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„here ? has  the units above.    The quantity 

Sl   SJTC 

is defined as the absorption coefficient for the transition 

in question and is designated as a.    If  the absorption cross 

section of  the atom is plotted on a wavelength scale,  then a 

is equal  to the integral underneath the curve for absorption 

in units of cm    x angstroms  (A). 

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 of P arc determined 

from the solar flux obtained from Table  1.1 and hence are 

valid only for clouds near the earth.    Probability for scat- 

terlng and absorption are identical,  since secondary processes 

are  ignored. 

On the basis of the numerical values of Tables 1.1 and 

1.2, the following wavelengths have been chosen for observation: 

neutral Ba (5.5358). neutral Zr (6,13oX), 

and ionized Ba+ (4>554X). 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 

(300oK), the optical cross section, 6, per atom is about 

lO'11^2 for resonance absorption.  This cross section is 

given by a defined above divided by the Doppler line width. 

At room temperature this width is of the order of 2 x 10  A 

and increases as the square root of temperature. The optical 

2 
cross section multiplied by the number of atoms/cm column 

(er) is a measure of the optical thickness.  If I0 is the 

light flux at the resonance wavelength and I the amount 

transmitted through the cloud, 

I - I exp (-5C-) 
o 

If Sa • 1, the column is said to be one optical thickness. 

If &a 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 
9 

108cm/sec. then in one second c  is of the order of 2 x 10 

atoms/per cm2. 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 

10_11cm2 by perhaps a factor of 1,000. Hence, for all prac- 

tical purposes the sunlight incident upon each atom 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 

9 , N A T P (1.6) 

Wher».:    9    is the signal flux upon the detector in units of 
s 

photons/sec 

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

single species 

A    is the photometer aperture area 

T    is the transmission of the instrument and the 

• intervening 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 

. q P A T n (1.7) 
s    4jt 

where a is  the number of atoms/cm2 column, and Ci is the photom- 

eter     acceptance angle in steradians.     It is assumed in 

Equation    1.7    that the value of <J over  the photometer field 

ü is constant.    If cr is not reasonably constant,  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 a 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 is sufficient now to state that 

by proper techniques 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 trte light is 

tnade 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 good photomultiplier 

is 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.  If n electrons are 

emitted in the time interval .. the average value is n/. with 

an uncertainty of ^. 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 T is determined by the instru- 

mental response time, i  is also given by T - ^f" WherP Ll 

is the electrical band-pass frequency. 

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

N ^ 
c 

„here 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 nc  is  the total number of 

cathode electrons per unit time.    The  term nc  is a summation 

of various components 

nc « k 9S + k eL + id 
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where 9U is the light flux due to background flux,  «nd 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 9S are very 

small compared to k eb.    Therefore 

i.i^^; (1.9) 
N        N~ 

"b 

Unless strong stars or some other source such as the sun or 

the moon ar«: directly in the photometer field, the photometer 

light flux due to background is given by 

R. A T W r. \ 
e . A_-  (1.10) 
^b     he 

where \ is the background intensity at wavelength X taken 
2 o 

from a subsequent section.    R^ has units of erg/cm 'sec•A" 

steradian.    A is the aperture area;  T,  the transmission of the 

instrument and of the atmosphere at wavelength X;  W is   the 

filter width in X; fi,  the photometer field angle in steradians; 

and X/hc,  the number of photons per erg at wavelength X. 

Hence, 
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S       a P    /A T H h c k T (1>11) 

Equation    1.11    Is written in the form above so that for any 

set of photometer characteristics and specific resonance line 

the right-hand portion is constant.    The term a depends upon 

the cloud and the time of observation, while ^ 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 

interested 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 beei reduced by the use of 
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computers, the .ccuracy ha. Increased only slightly, since 

„suits are strongly dependent on the distribution and vari- 

ation» 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 instrumentation to record the 

spectral and spatial variations is difficult. Present-day 

photomultiplier tubes and interference filters are a satis- 

factory solution to this problem. However, even though some 

„easurements 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, 

spiral sensitivity 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 

„ide-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 .athematical analysis. 

One of the more complete sets of spatial and spectral 

„easurements 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 

several 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 variation, the integrated flux 

received at the earth varies with viewing direction. However 
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if 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 atnos- 

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 

fl    _  3 2n2 (a - I)2 (1.12) 
PM 3 N X4 

where u is the refractive index of air (n - 1.0003). N is the 

number density of air (1/cm3). and X is the wavelength of the 

light. 

2. Urge particle scattering (Mie scattering). The Mie 

scattering coefficient is given by 0p - « r
2NE. where r is the 

radius of the particle,and E is the efficiency factor which is 

dependent on the refractive index 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 n) 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 tl^ visible is relatively unir.portant, 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 below 2,90oX, 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.Ioexp- (3^+ V2 + 9o V   (1-13) 

where I is the intensity reaching the ground,   Io is the inten- 

sity outside the atmosphere, 30 is the total absorption co- 

efficient,  and :v l2, and ^ are the corresponding path 

f.- -vJuccd to a standard temperature and pressure. 

r,:r  mis lecort, values ci £,, vere those given bv f. c 

■   ■    .  1:.     r;ir   r..:h  length  t^,  was liK^r. a. 

a-  ->     ----th's surtace.    Altic-dt  variations of 3M 

j.C.1 

3 (h) - 3M   expC-h/y d.l-) 

.   -  '    •     r'. :  altitude,  and K^ is considered a consr-;-.'.   v. r 

,   ..•-.  •,_,.   r.-.-tly.  the scale heicht,  and h^s ru- 

8.2 kn.     Tenperature variations of 5M were  ignored,  and values 
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computed at 00C and pressure of 1.013 mb were used. 

The values of 3 were deduced from actual extinction 

measurements of the authors in Reference 19. The attenuation 

coefficient over the visible region was found to be 3T + ^ 

- 0.180 km"1 for a standard clear atmosphere at sea level. 

The single Rayleigh scattering coefficient, ^ , has to be 
v 

based on the luminosity function, ^, of the light-adapted 

eye of a standard observer.  Then 

fhht\dl 

3     .2  (1.15) 

h\ dx 

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

atmosphere,    i,    has been evaluated by many investigators who 

a^ree that  the value is 0.0126 km     at normal temperature 

pressure.    The value of 3      then is 0.1647 km"  .    Measurements 
po 

up to 38,000 feet showed that height variation of ßp could 

le expressed as 

=   (h) • S   (o)  ey.p(-h/H ) (1.16) 
"p P P 
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where H   - 1.12 km.    Extinction due to «bsorptton by atmospheric 

gases was considered to be contributed only by ozone.    All 

radiation below 2.90oX was completely absorbed,  and a slight 

correction was added to the blue region and to the region 

around 6,OOoX 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 1(8)  is 

the total light flux incident upon the detector at solar 

depression angle 5 when the instrument is pointed at the 

zenith.then 

00 

1(6) - k [   £(5,h) p(h) dh (1-17) 

o 

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 

n,te at which each debris atom scatters light when illuminated 

by unattenuated sunlight. e(B,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 5. p(h) 

34 



is the number of debris scattering material per unit volume 

at height h, and dh is an elemental height interval. 

If a height, h , is defined such that a o 

cos 6 " TTTT 

2       2 
h (km) • 0.97 6 (degree) 
o 

for S < 20 degrees 

where a is the radius of the earth in km; then e 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 h +40 km. For depression angles less than about 
o 

twenty degrees, € may be considered as a function of a single 

variable h' if h' - hr - ho to a very good approximation. 

Figures 1.7 and 1.8 show curves of £(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  e near h .    Values at heights of 3 to 5 km 

above h    are not affected by local weather since solar rays 
o 

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 appreciably affect Equa- 

tion    1.17,   since e 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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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  tir.v..    I;. 

all cases of interest, events occurred under night concitic-- 

with very  little opportunity to view materiel  ey.par.diiij; ir.t. 

sunlit areas  during early times  (seconds  to minutes z:'.<.v 

event).     Sites v.'ithin view of the burst  (Johnston Isiarv .  .--., 

S-2, and S-4) had their photometers covered at even:  tiri, 

opened them as soon as possible.    This varied  fror, a  :<•»  -> ■ • 

onds  to minutes.     The self-luminous area of  the  sky VJS 

scanned along a magnetic meridian and  in a plan«? pass::.' 

through the visible center of luminosity and perpi-J.c-.  r   : 

the magnetic meridian.    The  light  thus  recorded r....   !•  •■ 

due  to thermal excitation,  collision      process..-  ;■:■ , 
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electrons, or ionic recombination of the species having a 

resonance line at the filter passband. The recorded light 

^y also have been due to leakage through filter skirts or 

filter transmission at the passband of complicated transi- 

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 

.11 station, operated continuously between solar depression ' 

angles of 4 degrees to 18 or more degrees. Sufficient 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 «nith 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 

.eaningful data after about the third twilight following each 

high-altitude event. 

2.2 INSTRUMENTATION 

7.2.1 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 consideration of the availability and 

proper use of optical components and detection. Character- 

istics 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. 

Interference 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 simplest type of interference  filter utilizes thin 

evaporated  films of silver separated by a layer of magnesium 
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fluoride (MgF2) which has • refractive Index of 1.38 or 

cryolite (sodium aluminum fluoride, 3N2F • AIF3) which has a 

refractive Index of 1.35.    These substances have high optical 

transmission over a wide range of wavelengths and «ay be suc- 

cessfully evaporated Into thin film of controlled thickness. 

A more efficient filter Is obtained If the sliver 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 sulflde, 

and the reflectors are separated by a cryolite layer of thick- 

ness equal to an even multiple of one-half of a wavelength. 

Filters containing as many as twenty-three evaporated layers 

are available. For wavelengths less than about 450 m, *i™ 

sulflde absorbs the radiation, so it Is generally replaced by 

antimony trloxlde (Sb^) which has a refractive Index of 2.0 

but transmits to about 230 m-    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 filler 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 filter 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 though  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 

S^-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 *, - 2 ud/n, 

where X is the transmission peak for normal incidence, then 
o 

X ■ X cos a (2i2) 
o 

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

cidence of the light, note that cos a -v'l - sin2 a    and 

u sin a - sin 5, where 6 is the angle of incidence. 

■\^ 

—2— 
sin    9 

2 
u 

and 

A X - X - Xo - Xo(Vl - SiB-ä . i) (2.3) 

A plot of this function for a particular filter is 

shown in Figure 2. 1.    Several important considerations for 
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the proper use of interference filters may hi.  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 Xo. This effect is very useful, 

since a filter may be constructed so that the wavelength of 

maximum transmission is either exactly where daslred or 

slightly greater than desired. If 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 

must also be small. As can be seen from Figure 2.2 the 

bandwidth of 10%  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 «t .ngle» other th.n normal also 

broadens the p.ssband of the filter. This effect depend, 

greatly on the materials and methods used in the filter con- 

struction. It is caused by polarization of the be.« due to 

the multiple reflection. The p.ssband for the light vibra- 

ting at right angles to the plane of incidence is at . shorter 

wavelength than the passband for the component «hich vibrates 

only in the plane of incidence. 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 incidence 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 

1% and transmission of as high as 70 percent were reported. 

A detailed theoretical study was made and production tech- 
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ntques developed. The basic properties of these filters are 

similar to those already discussed, the major difference 

being the narrow 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 pass bands 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 leparatlon of the passbands may be controlled In manu- 

facture, and filters have been made with 3-A passband« 

(Reference 21 ). The passbands extend over the wavelength 

range of transmission of the quartz, so that in practice a 

narrow-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 

-3 
spectrum is available with a dark current of about 2 x 10 

microampere which is equivalent at high sensitivity to an 

input of about IG*11 iumen. This figure can be lowered by 

a factor of between 10 and 100 by coating 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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two 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 blrefringent 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 blrefringent 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 blre- 

fringent element.    Blrefringent elements must be specifically 

designed for individual uses, but they are easily produced 

by a competent optical shop. 

2.2.2    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 

dynamics.    The optical, electrical, and mechanical character- 

istics of the field equipment for detecting resonance scat- 

tering from debris ralea.ed during the 1962 high-.ltitude 

tests evolved from this 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 instrument,, photo- 

multipliers with high cathode efficiency and filter, have been 

used.    A, 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 instrument, by 

advancing the manufacturing techniques and by contracting 

over a longer time interval, permitting the use of more se- 

lective and exacting methods. 

2.2.3    Birefrinffent Photometer,.    The optical charac- 

teristics of a birefrlngent photometer are treated in detail 

in several publications.    In its simplest form,  it consist, 

of an interference filter followed by an objective len,. 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 tvo 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 were tested, measured, and eval- 

uated by GCA.    The procurement was a joint effort between 

these two. organisations 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 5 id 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 blrefringent elements were manufactures to GCA 

specifications by the Valpey Crystal Company. They were made 

from natural optically clear quartz crystals which 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 original quartz crystal 

from which it was cut. 

The blrefringent 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. Luclte end plates were utilized as well. The 
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.luminu« holder was wrapped with heating wire and insulated. 

A Fenwall off-on thermal switch was utilized to maintain the 

quartz element, at about 105OF.    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 

through the interference filter before the effective optical 

passband   i» adversely affected. 

The photomultiplier, 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 

„ere taken to avoid corona discharge and ohmic leakage.    A 

salt spray ambient places severe requirements on any equipment 

requiring high voltages.    Figures2.4 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- 

stage vacuum tube amplifier in the photometer telescope hous- 

ing before it is sent 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 

At 
wavelength 

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.    In this manner, 

the utility of each photometer Is considerably extended. 
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2.2.4    Four-B^rel Interference Photometers.    During the 

early times aft^r 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 

»wing from 1,000 to 2.800 volts with a voltage swing of 0 to 

2-1/2 volt» into the pentode grid.    This voltage wa» 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 photomultiplters. 

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 end 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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corre8ponding 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 system 

is 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 adjusted 

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 vhlch connects conducting elements on the printed 

circuit card.    A series of five separate pulse groups «re 

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 btrefringent 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 performed 

with a known source of continuum light.    The transmission. 

T(X), 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,  1(X) . 

from a point source is known,  and if the instrument is pointed 

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

R - Tf A  k [l{\) T(X)   dX (2.4) 
j 
o 

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(X) is the incident intensity from the source in 

2 
photons/cm -sec 

73 



T(X) is the interference filter as described above 

X is the wavelength 

k is the instrumental calibration factor to be determined. 

It involves the photomultipller sensitivity, electronic gain, 

and instrumental transmission. The Integral appearing in 

Equation 2.4 is performed with a desk computer using in- 

tervals of about 1A for dX. 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, -:. in- 

cident upon the photocathode is given by 

BAT (Xo) n 
(2.5) 
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Where:    p is the light flux in photons per second 

B is the intensity of the line emission in 

2 
photons/cm -sec-steradian 

T(X) is the net transmission of the instrument at 

wavelength Ä    of the line emission 

fl 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 emission. 

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

nating-current component, 

R      - k s (2-6) 
PP 

where k is determined from Equation 2.4 and cp from Equation 

2.5 . Values of b are determined from these relations. In 

practice,values of k were determined with a vacuum tube volt- 

metei 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 is 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(X) 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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Figure 2.1 Shift in position of passband of an interference filter 

as a function of incidence angle. 
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Figure 2.2 Broadening of the passband of an interference filter as a 
function of incidence angle and wavelength shift. 
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(GCA photo)
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Figure 2.10 Eight-channel Sanborn recorder (interference photometer). 
(GCA photo)
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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. Tim« 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 

UO-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 tabulated 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    BirefHnpent Photometers.    As explained previously, 

the rotating polaroid component of the birefringent element 

modulated monochromatic  light scattered from debris, but it did 

not modulate continuum It-'   .    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-l/3.cpS modula- 

cion of continuum is due to 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 3-1/3-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 

appropriate 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.  It 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 waveforms 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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3 ]   g   Fout^Barrel Photometers.    The four-b.rrel photo- 

tneters had a logarithmic response as described in the in- 

strumentation and calibration sections.    Their response «as 

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 instrument was as sensitive as back- 

g.ound levels would permit.    Since the lunar phase changed 

appreciably during the field runs,  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, however, 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 zirconium were present, the detemined 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 degrees' 

solar depression angle. The uncertainty in the data for 

these     species is perhaps thirty percent above fourteen 

degreed 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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Zirconium 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 angles makes these readings quite inaccurate. 

They are probably not to be relied upon to better than a 

factor of ten. 

3.2    ARITHMETICAL OPERATIONS 

Q2 Pages 93 through 95 
deleted. 



CHAPTER 4 

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 

S-l, S-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. 

LAA    French Frigate Shoals. 

4.1.4 S-2rHenry County. 

/■ is s-4. Point Barrow. 
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4.1.6 TutulU 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 ha^y 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    Tutulla.    At event time, there was a general 

Illumination of the clouds In the conjugate area.    The photom- 

eter   had the 4554X filter In place to detect the presence of 

Ionized barium.    A short pulse of a few seconds'    duration 

was recorded.    Other filters were indexed  Into place,  but 

nothing was detected. 

Pages 102 and 103 deleted. 



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 

6 6 2 
of Ionized and neutral barium as 8 x 10    and 2 x 10   atoms/cm 

column,  respectively.    The zirconium channel did not show more 

than a trace of signal, If at all. 

4.2.6    S-l. Summit County. 
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4.3 CHECK MATE 

The only signals from 

debris which were positively identified were due to ionized 

and neutral barium at and near Johnston Island. The first 

morning twilight gave signals corresponding to 8 x 107 ions/cm 

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. 

u.L.7    Johnston T^and.  5-2.  and S-A.    The  four-barrel 

photometer detected strong signals  through all  filters  for 

about  thirty minutes after event  time.     Scattered ^igh 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 S-l. 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 Tututla 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 

13 July. 

The measurements made during the 

latter days of this period 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 fltet MW no manifes- 

tation tt event time. French Frigate Shoals saw a very brief 

flash but no indication on the Instrument. The shipboard 

sites in 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 

c,. Latitude Longitude Distance from 
slce Johnston Island 

km 

Johnston Island 16 ZO'N 169 acw 

French Frigate Shoals 23  lO'N 166  lO'W 910 

Tutuila 14 20^ 170 SO'W 3,880 

Tongatapu 21  lO'S 175 lO'W 4,300 

Midway 28  10'N 177   20^ 1,500 

Wake 19 20^ 166 40'E 2,320 
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CHAPTER 5 

DISCUSSION 

The first two considerations 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 
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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 problems. 

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 5-5 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 

indicated that signal increased as far north as the instru- 

ment could look, which was limited by atmospheric attenuation 

at low elevation angles.    Assuming a height of 130 km for 

the concentration maximum and an elevation angle of 20 degrees 

«here attenuation is not serious,   it is then surmised that 

the maximum concentration was 300 or more km to the north of 

5-5.    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 instrumentation 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.    The 

second 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)    In 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)    In- 

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 ionized 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.    In 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 

vhich expands by wind and diffusion processes. 

Aircraft should be considered as an observing platform, 

since they can fly above most cloud 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.l    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 measurements of specific spectral lines were 

made during morning and evening twilight periods.    Figure A.l 

illustrates the general geometry of the situation and 

indicates 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, 

scatteringjand 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 

00 

1(8) - K I     €(8,h) p(h) dh (A.l) 
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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 illuminated by unattenuated sunlight.    e(6,h)  is 

the transmission factor to be applied to unattenuated sunlight 

to determine the actual solar energy incident on tbe debris at 

height, h,  and at solar depression angle, 6.    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 6(5,h) 

will be unity outward from the earth's shadow line and zero 

within the shadow zone.    Since  the term etf.h)  is a constant, 

it may then be taken outside the  integral,  so that for a given 

signal 1(6), a solution is  found  in .terms of the integral of 

p(h). 

However, if atmospheric effects are considered,  e(6,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- 

slon 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 29K 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:     (D differential refraction of incident radiation. 

(2) Rayleigh  (molecular) scattering,   (3) Mie  (particle) 

scattering,  and  (4) ozone 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. 

Then the combined effect will be considered,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 ) « « 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 station», calculations of refraction and attenuation 
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of the rays have been made using only the depression angle 

6   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 appreciable diminution.      It 

can be seen that diffraction effects are manifest in precisely 

the region of maximum attenuation («here 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 Che 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,  i.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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twiliaht.    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 

«ttenuation 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    General 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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nr sin i - u r sin i - constant   (A.2) 
o o 

Where: u - index of Refraction 

r ■ radius vector to a point on ray path 

i - angle of incidence of ray to the normal at this 

point 

a « index of refraction at earth's surface 
Ho 
r - radius of the earth - 6,371 km (assumed equatorial 
o 

radius) 

The index of refraction, n(h,X) 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) 

^.n + l .^x 10-6 + l    (A.3) 

where 

77 
c (y  ^  5.15 x 10'3 . 1-07 x 10' \ 

•5v! + "^ X^ ) 

X » wavelength of light in microns 

p ■ atmospheric pressure in millibars 
o„ 

T « atmospheric  temperature  in    K.. 
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A gr.ph of n(- u - 1) .s 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.g.. 

. star) just on the horizon, i.e. with i0 - 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 

31) 

a-^rta v exp(-a hmin/ro) (A-^ 

Where:    a - total angle of refraction in radians 

a - 7.67 x 102 

v ■ — n - 1 
P 

p ■ atmospheric density 

altitude of closest 

the earth's surface 

h   - altitude of closest approach of the light ray to 
min 
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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 

■ t0 be horizontally homogeneous along the appropriate spherical 

surfaces in .11 its important properties. These assumptions 

„ill hold throughout the report unless otherwise noted. 

For an earth with no atmosphere, an impact parameter 

„ay be defined by: r, - 6.371 + h,. ^ere h, is the distance 

of closest approach to the earth's surface (see Figure A.3). 

At large distances from the earth. . approaches unity,and 

the incidence angle i approaches 90 degrees. Then 

^r sin i - r sin i - constant - rl      (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 

(A. 6) 
a   r . ■ r. 
^min min   i 

t,       + r     h        being defined in Equation    A.4 
where rmin     hmin + V hmin 8 

Knowing the variation of . with altit.de. rmin can be cal- 

culated for any given value of r,  (and vice versa).    It can 
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be shown th.t the point of closest approach represents an 

axis of symmetry for a refracted ray path,  the light ray 

following Identical 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: 

(1) Since 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 longer 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 

illumination.  (Note that the assumption is made that the 

sun's rays are initially parallel. As was mentioned in the 

introduction, 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 

6 may be calculated from the relation (see Figure A.4), 

h(6) -A_.r -0.97B2 (A.7) 
vo'  cos R   o 

Where: ri '  6,371 + hi (km) 

h ■ minimum ray altitude above the earth 

5 ■ solar depression (degrees) 

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 various 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 

inconsistencies,  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 calculafions.    It. can be shown that 

the angular refraction  (at least for non-horizon values) 

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

hk+l 

*w'v.-*/ "(h,dh 
min . 

hk 
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«here C is . 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 integral in Equation   A.8.      Starting from the known 

positions of minimum ray height (hk - h^), the refractive 

angle was calculated for an increment of one degree solar 

depression by means of the equation 

cosJo^W (Af9) 

ro + hk+l      cos 16 -  (\ + <WJ      0        miR 

«here:        0^ - amin 

a   .  - C^ + ^ k+1 from Equation    A.8 

The height result thus obtained was then used as the initial 

point for the next increment of solar depression.    Ray heights 

were traced for one-degree solar depression increments up to 

a height of 40 km.    At this point,  the refraction effects of 

the atmosphere were equated to zero,  and the ray assumed a 

direction of  travel at a fixed angle  (the angle of  total 

refraction)  to its original non-refracted path. 

The results of these calculations are presented in 

Tables A.l and A.2.    Table A.l gives values  for ray heights 
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resulting from use of Equation   A.6,  i.e.,  for a non- 

refracting atmosphere, while Table A.2 lists the results 

arrived at by use of the refractive approximation method 

described above."   It should be noted that the ray which 

just grazes the earth's surface  (h1 - 0 km) in the non- 

refractive case is bent into the surface upon undergoing 

refraction.    The ray in Table A.2 listed as having hmln - 

0 km would, for the non-refractive atmosphere, actually 

have passed at an altitude of approximately 1.7 km. 

Also note that although refraction ceases after a 

light ray reaches altitudes greater than 40 km,   the ray 

emerges at an angle to its original direction, and as the 

solar depression    5   increases,  the difference In altitude 

between the refracted and non-refracted cases will also 

increase. 

A.2.3   Attenuation by Variable Refraction.    Because 

of the exponential decrease of density with altitude, 

light rays passing at different heights will undergo 

variable refraction; in general,the higher the ray,  the 

less the refraction.    Let d be the separation between 

two rays before refraction.    After passing completely 
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through the atmosphere, the originally parallel rays 

diverge and the observed refracted separation D is a 

function of their original heights and the solar depression 

angle.    As a consequence, the energy flux will be cor- 

respondingly decreased,and a new refracted Intensity is 

given by 

p/cN .   d      F (A. 10) F(6)      D(&) 'o 

where F   - original energy flux (solar constant in the 
o 

wavelength interval of interest).    From Tables A.l and 

A.2, the separation between two adjacent beams is tab- 

ulated as a function of solar depression angle,and the 

attenuation factor d/D(5) can then be calculated.    The 

results are presented in Table A.3.    An examination 

of these calculations reveals that even for a non- 

absorbing atmosphere the solar flux wi41 suffer notice- 

able attenuation due to the effects of variable re- 

fraction.    Applications of  these results to the general 

debris problem will be made in Section A.5. 
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A. 3    EFFECTS OF SCATTERING 

g 3 i    r.an,rfll ascription.    Among the most impressive 

.ttenuation factors Influencing sol.r energy incident on the 

earth's atmosphere is the effect of molecular and atomic 

(Rayleigh)  scattering as veil a. particulate or Mie scattering 

caused by dust, water vapor, etc.    The net result of these 

scattering mechanisms is a dimunition in the intensity of a 

light beam.    The resultant intensity is usually defined by 

F-F    e-T V'1» o 

Where: F    - Initial intensity of the ray 

t    - optical thickness of the scattering medium 

This is strictly true only for single scattering processes. 

Because of the computational difficulties involved in dealing 

«ith multiple scattering, this assumption of single processes 

was made. 

The value of the factor  t depends upon the scattering 

efficiency of the individual particles and upon the total 

number of particles encountered.    In turn,  this  total particle 

number is a function of the number density and the path length 

of the ray through the medium.    In order to calculate the at- 

tenuatlon experienced by a ray of light, it is necessary  to 

calculate values of t for all paths of Interest. 
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Generally, atmospheric scattering effects can be broken 

into two Independent classes:   (1) scattering from atoms, 

molecules, and other particles with dimensions much smaller 

than the wavelength of the incident light (Rayleigh scattering), 

and (2) scattering from aerosols and other particles with 

dimensions large compared to the wavelength of the incident 

light (Mie scattering). 

Each of the above will be examined separately in the 

following sections. 

A.3.2    Ravletfih Scattering.    The method used for calcu- 

lation of the Rayleigh optical thickness  (TR)  is illustrated 

in Figure A.5.    The various ray paths of interest were con- 

sidered to be symmetrical about their points of minimum approach 

(h     ).    The path followed by a ray as it leaves its minimum 
min 

approach position was traced through one-degree solar depres- 

sion intervals.    Using previous data (see Table A.2). the 

height of the ray above the surface at .the initial and final 

boundaries of each of these one-degree increments was known, 

and the total path length of the ray across the interval could 

be approximated as  follows:   (see Figure A.5 for explanation of 

symbols) 

AX    xl - (r   + h ) AS n,n+l o       n 
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Ahn.n+1 * 
hn " Vl 

Ah  ., 

^n.n+l      n'n+1 

A.     /L_—i "N - Äh   , esc a  ^ (A. 12) 
Sn.n+l ' ^n.n+l (stn a^^J   n.n+l    n.n+l 

The optical thlckn-ss due to Rayleigh scattering may then 

be calculated for each path interval if the scattering coef- 

ficient is known. For an exponentially decreasing Rayleigh 

atmosphere (in the case of the earth, this is a good approxi- 

mation below about 100 km ), the scattering coefficient is 

given by the relation 

ß - ß o  exp(-h/H) (A-13) 
ph  Ko Ray 

where: 9o Ray 

h - altitude of scattering particles 

H - scale height - 8.0 km for Rayleigh atmosphere 

Then hn+1 

R    -ß D  csca   ., /  exp(-h/H) dh  (A.14) 
Tn,n+1 wo  Ray     n,n+l J 

h 
n 
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The tot.1 optical thtckne.. for . ray path extending from the 

poaltlon of minimum approach to the limits of the scattering 

atmosphere can then be found by suming the individual optical 

thicknesses over the region of Interest. Since the ray path 

was assumed symmetrical about the minimum point,the total 

optical thickness for ray passage through the complete atmos- 

phere will be twice that calculated above. Final results for 

ray paths of interest are presented in Table A.4. To a first 

.pproximation. these optical thicknesses may be considered to 

be relatively fixed values, the Rayleigh properties of the 

atmosphere remaining fairly constant with time and over wide 

ranges of location.  As will be seen in the following sec- 

tions, several models were proposed for Mie scattering and 

ozone absorption to obtain a measure of the attenuation limits. 

No such variability need te assumed in the case of molecular 

scattering. 

A.3.3 Mie bvAttfrli^. Unlike thf Raylei8h ProPerties 

of the atmosphere, the Mie or particulate scattering under- 

goes considerable spatial and temporal variation. Of critical 

importance in calculating Mie scattering effects is the amount 

of water vapor present in the atmosphere. In the case of a 

water-laden cloud, the Mie scattering may be many times larger 

than for an average non-cloudy atmosphere. In general, it may 
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be s.ld that Mle «c.tterlng effect, predomineue over R.ylelgh 

effects ne.r the earth's surface and then (neglecting high 

cloud cover) fall off very rapidly with height. For . cloud- 

free atmosphere, the Mle optical thickness for any given ray 

path may be calculated In exactly the same manner as the Ray- 

lelgh case. 

hn+l 

M .A esc a     ,,    f        exp(.h/H) dh Tn,n+1     Po Mle n,n+l J 
hn (A-15) 

W^ere: ß0 Mie - Mle scattering coefficient at sea level 

- 0.12/km for assumed average conditions 

H - typical scale height ä2.5 km for Mle 

atmosphere 

In the event that a light ray encounters cloud formations 

during Its passage through the atmosphere, the situation be- 

comes far more complicated. 

To illustrate the effects of local meteorology on the 

photometric signal data, a storm was assumed to exist at a 

particular location as follows: 

1. Cloud cover was due to a tropical disturbance whose 

center was located at a constant (over the twilight period) 

distance of 9 degrees' angular separation (-1000 km) directly 

along an east-west line to the point where debris observations 

„ere being made. The cyclonic cloud cover extended for 2 
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degrees on either side of the disturbance center (445 km 

diameter) from sea level to an altitude of 16 km. 

2. Scattering coefficient within the cloud was *0.25 km 

with a scale height, H - 5 km (Reference 34). 

3. Normal Mle scattering conditions existed at all 

points outside the cloud area. 

The fact that the distance of the storm center from the 

observation site remains constant means that a light ray fol- 

lowing a given path through the earth's atmosphere experiences 

varying effects due to the encounter with the clouds as the 

solar depression angle changes. For the assumed case with 

respect to positions of minimum approach, storm location, 

and dimensions, the maximum scattering effects due to clouds 

are experienced at a solar depression angle of 9 degrees, 

while no effects are noted for angles greater than 15 degrees. 

Finally, all light rays with minimum refracted altitudes 

(h  ) greater than 16 kilometers are not affected by the 
v min' 

assumed cloud conditions. 

The above cloud model Is not meant to represent a true 

meteorological situation. Instead it serves to give some 

indication of the Influence that clouds may have on the trans- 

mission properties of the atmosphere and resultant signal 

levels recorded by the photometers. 

271 



Tables A.5 and A.6 list total Mie optical depths for ray 

paths of interest. Table A.5 contains clear atmosphere re- 

sults, while Table A.6 includes the results of the storm 

discussed above. In the case of Table A.6. the calculations 

consist of cloud effects plus ordinary Mie effects for all 

areas outside the assumed cloud formation. Reference to the 

tables shows that the optical depths encountered by low-alti- 

tude rays are large but fall off rapidly with increasing al- 

titude for the clear atmosphere model. For the cloudy atmos- 

phere model, the optical depths encountered above 16 km are 

completely due to the ordinary scattering atmosphere. For 

altitudes below 16 km, the optical thickness may be due to 

both cloud and normal Mie scattering or due   exclusively 

to normal Mie scattering depending upon the location of the 

storm. 

A.4 OZONE ABSORPTION 

Ozone is formed in the upper atmosphere by photochemical 

reactions activated by solar ultraviolet radiation. Although 

a relatively minor constituent of the atmosphere, ozone absorbs 

strongly in the ultraviolet region and to a much lesser degree 

in the region centered around 6000A (Chappius bands). In the 

6000A region, the absorption coefficient to the base e is 

approximately 0.044 per cm of ozone (Reference 33). 
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For a given location, ozone concentration exhibits both 

a seasonal and diurnal variation.     In addition,  its altitude 

distribution is also variable so that several ozone model 

distributions were considered    (Reference 35). For each 

model, the ozone number density was reduced to normal tem- 

perature and pressure (NT?) atmospheric centimeters for 

altitude increments of 0.1 km by means of a computer.    Ray 

paths through  the ozone were then calculated in the same 

manner as discussed previously in the case of Mie and Ray- 

leigh scattering.    Optical thicknesses obtained from con- 

sidering a total ozone concentration of 0.284 atmospheric 

centimeter    distributed between 0 and 60 km shown in Figure 

A.6 are presented in Table A.7.    Note that for low-altitude 

rays,  the optical thickness due to ozone is small compared 

to the Mie and Rayleigh optical depths, but as altitude 

increases,  the ozone effect becomes relatively more signif- 

icant.    For altitudes above 40 km, where the Rayleigh atmos- 

phere is assumed to terminate,  ozone absorption becomes the 

unique attenuation mechanism.    Above 60 km,  solar radiation 

is assumed unaffected by the earth's atmosphere. 

A. 5    TOTAL ATMOSPHERIC ATTENUATION 

The various atmospheric attenuation processes have each 

been examined individually in the preceding sections;  it is 
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now necessary to consider their combined effect on a ray of 

light passing through the atmosphere.    The solar energy 

flux after passage through the earth's atmosphere is given 

by the expression 

F . F0 x .xp.<%. + T^ + ,0I) x R.«r.=tlv F.ctor 

- F   x Rx exp(.r,) (A-16) 

0 

Attenuation due to atmospheric scattering and absorption 

ceases after the ray has left the atmosphere but, because of 

refraction,  the light rays emerge at fixed angles to their 

original direction.    Their observed linear separation will 

then increase as a function of solar depression,and the 

energy flux will correspondingly decrease.    The intensity 

of the solar illumination will therefore continue to diminish 

even after the ray has emerged from the attenuating atmosphere. 

The final expression for the solar flux contained in a given 

ray at a solar depression (6) will then be: 

F(5,h) - Frt X R(5.h  .) x exp  (-^[h^])     (A.17) 

where both T and R are functions of the minimum distance of 

passage of the ray above the earth. 
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Values for R. ^^ ^ayleigh. 
and ^ozone have been 

presented in Tables A.3 through A.7 for selected ray paths 

while ray positions after refraction are contained in 

Table A.2. Final calculations for total attenuation have 

been carried out using these values,and the ratio F/Fo has 

been graphed as a function of observed ray altitude above 

sea level in increments of one degree for solar depression 

angles between 6 degrees and 15 degrees and for the 20- 

degree, 25-degree, and 30-degree cases (Figures A.7-A.10). 

Both the clear and cloudy atmosphere models previously 

discussed are presented,and an additional ideally clear 

atmospheric model having a total ozone concentration of 0.20 

atmospheric cm, a Mie scale height (H) of 1.2 km and a 

S    - 0.16/km as operating parameters has been included.  . 
Ho Mie 
For later use in data reduction programs, a second altitude 

scale using the earth's unrefracted shadow height as a 

reference  is given in each graph  (h' ■•'hrefracted '    o^' 

Negative values on this scale are* an indication of  those 

rays    which,because of refraction,penetrate below the earth's 

ideal shadow line. 

In summation, the following atmospheric models are 

represented on the graphs: 
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Ideal Atmosphere    (1)    Mie Scattering (H - 1.2 km,  ßo - 

0.16 km"1) 

(2)    Rayleigh Scattering (H - 8.0 km, 

8   - 5.7 x 10"3 km*1) Ko 
(3)    Ozone Absorption (total 03 - 0.2 cm 

NTP, Ot « 0.044 cm* ) 

(4)    Refraction according to Link and 

Equation   A.4 

Clear Atmosphere    (1)    Mie Scattering  (H - 2.5 km,  ßo - 

0.12 km'1) 

(2) Rayleigh Scattering - same as above 

(3) Ozone Absorption (total 05 - 0.284 cm 

NTP, Ot - 0.044 cm"  ) 

(4) Refraction according to Equations 

A. 7    and   A. 8 

Cloudy Atmosphere  (1)    Mie Scattering  (H - 5.0 km,  ßo - 

0.25 km"1 storm at 9 degrees angular 

distance from observation station 

with angular diameter of 4 degrees 

at height of 16 km) 

(2,3,4)    same as clear atmosphere case. 

Minimum ray height values are indicated by points on 

the curves.    Even for the ideally clear atmosphere model. 
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the lower rays suffer severe attenuation^ and it is not until 

minimum altitudes above the effective Mie scattering region 

(10-15 km) are.achieved that the atmosphere becomes reasonably 

trsnsparent to' solar radiation.    Complete transparency is 

achieved only for altitudes above the ozone layer (60 km). 

For altitudes less than approximately 40 km.  the deviation 

of the actual solar illumination curves from the idealized, 

non-refractive,  non-attenuating atmosphere   (F/Fo ■ 1)  is 

readily apparent. 

Application of the computation is accomplished through 

numerical Integration of Equation A.l 

OS 

I(5.h)-K 7   €n(6.h) Pn(h) ^h (A. 18) 

n-1 

Small height increments of a few kilometers or less were used, 

and separate values of the illumination function as obtained 

from the computations were used for efth height interval. 

An arbitrary debris distribution was chosen,and the 

resultant signal level was calculated by means of Equation 

A.18 using values of solar illumination computed for each 

of the chosen model atmospheres. Figure A. 11 shows the 

assumed debris distribution as a function of altitude,and 
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Figure A. 12 the result.nt sign«! as a function of solar 

depression for each of the atmosphere     models. 

The curves of Figure A. 12 indicate the effects of 

extinction due to the three different models.    The most 

significant observation is that although the models represent 

a wide range of atmospheric conditions, the effect on the 

signal is relatively small, being at most a factor of 2. 

This result might be expected since the major changes  in 

the atmospheric attenuation occur at low altitudes where 

extinction due to long path lengths in a relatively clear 

atmosphere is high.    For such paths, the transmission is so 

low through a clear atmosphere that a decrease due to 

increased large particle concentration or low clouds in the 

path of the solar rays would not appreciably affect the 

integrated line-of-sight signal. 

Although the atmospheric models chosen have not been 

shown to give the maximum variation which could be attained, 

the postulated storm is large, and its effect extends  to 

relatively high altitudes.    Normal fair weather cloudiness 

is usually below 5 km,  and these would have no effect on 

rays above this height.    Below this level,  the attenuation 

due to a clear atmosphere is so severe that transmission is 

negligible without consideration of clouds.    Likewise,  the 
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uncertain .nd widely varying distribution of large particle 

scatter at low levels has only a small effect on the 

signal. 

At altitudes above the level Influenced by large,par- 

tide scattering, attenuation is determined by Rayleigh 

scattering and orone absorption.    Both of these effects are 

wavelength dependent,and thus each spectral region of 

interest must be considered independently.    In some in- 

stances, latitude and cyclic variations of ozone distri- 

bution may be considered if adequate measurements are avail- 

able.    Sporadic local variations will be averaged over the 

long path lengths. 

In general,  this investigation indicates that widely 

varying characteristics of the lower atmosphere influence 

the results so slightly that analysis utilizing an average 

model atmosphere provides sufficient accuracy for interpreting 

the photometric measurements. 
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TABLE A.4   RAYLE1GH SCATTERING OPTICAL DEPTHS 

MLn. Ray 
Height (km) 

Ray 
Min. Ray 
Height  (km) 

.TABLE A.5   MIE SCATTERING OPTICAL DEPTHS, 
CLOUD-FREE ATMOSPHERE 

Ray 

I 3.58 20 0.26 

3 2.81 25 0.13 

5 2.09 30 0.07 

10 1.02 35 0.04 

15 0.51 40 0.00 

Min. Ray Height (km) TMie 

1 32.58 

3 16.00 

5 6.54 

10 0.79 

15 0.10 

20 0.00 
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TABLE A. 6   MIE SCATTERING OPTICAL DEPTHS, 
CLOUDY ATMOSPHERE 

mti   R.y Solar Depression (6) (degrees) 

™*X 6°              7°              8°              9° 10° 

1m, Height of Earth's Shadow 

! AO.00 50.00         60.00        60.00 60.00 
i 35 48 46.72         55.31         59.35 55.31 

19.38 27.83         34.57         37 29 34.57 
10 A.53           7.97         11.41         1.8 L" 
15 0.23 1.47 

20 0.00 0.00 

2.72 2.85 2.72 

0.00 0.00 0.00 

no 12° 13° 14° 15° 

1 50.00 40.00 >35.00 >35.00 >32.6 
3 46.72 35.48 25.96 19.51 16.55 
5 27.83 19.37 12.46 8.28 6.54 

10 -97 4.53 0.79 0.79 0.  9 
}; 1.47 0.23 0.10 0.10 0.10 

20 o.OO 0.00 0.00 0.00 0.00 
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Figure A.1 Generü geometry of debris observations. 
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ORIGINAL RAY PATH 

TOTAL ANGLE OF 
REFRACTION 

REFRACTED 
RAY PATH 

IMPACT 
PARAMETER 

Figure A.3 Passage of light ray through the refracting atmosphere 
(refractive effects very greatly exaggerated). 

UNREFRACTED 
SEPARATION d(8) 

UNREFRACTED (IDEAL) 
SHADOW  HEIGHT h0(8) 

REFRACTED 
SEPARATION 
D(8) 

REFRACTED 
RAY HEIGHT 

hf(8) 

Figure A.4 Ray heights and refractive separations (refractive 
effects very greatly exaggerated). 
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final 

W 2 LnSn•n*, 
n*nmln 

Figure A.5 Method of ray path tracing. 
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10 
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10 iJ 

    IDEAL ATMOSPHERE 

    Cj-EAR ATMOSPHERE 
CLOUDY ATMOSPHERE    . 

20 30 40 50 60 70 80 90 

hrl REFRACTED  HE'GHT (km) 

Figure A.7  Solar Illumination curves, 6* solar depression angle. 
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h' « hr - h0   (km) 

10-5     0      5     10    15    20   25   30    35 

TT 

E(h) 

60 70 80 90 100 MO 120 

hr, REFRACTED   HEIGHT (km) 

Figure A.8 SoUr Illumination curves. 9« solar depression angle. 
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h'« hr-h0(km) 

1^^.123.73 .21**7  77   127   177  22 7 27.7 

E(h) 

20 130 140 150 160 170 180 190 

hr, REFRACTED  HEIGHT (km) 

Figure A.9 Solar illumination curves, 12« solar depression angle. 
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Figure A.10 Solar Illumination curves, 15* solar depression angle. 
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Figure A.ll  Upper atmospheric debris model. 
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Figure A.12 Photometric signal levels as a function of solar depression. 
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APPENDIX B 

AN EVALUATION OF THE CONCENTRATIONS 

This is an evaluation of the concentrations discussed in the main 

text of this report. 

During the course of twilight measurements to determine 

debris concentrations from resonance scattering, the photom- 

eter records an amplitude as a function of time. The relation 

between the earth's shadow height as a function of time during 

such measurements, gives the possibility that debris concen- 

tration as a function of height may be computed from the 

photometer records. The main text gives photometer readings 

taken during Fish Bowl as a function of solar depression 

angle, and gives concentrations deduced from these 

measurements by an approximate computational method. It is 

the purpose of this appendix to evaluate-the accuracy of the 

computational method. It was found that the uncertainty in 

the reported data,resulting from the approximation in the 
3 

effective height of the density distribution (p-atoms/cm ), 

was within the overall uncertainty expected from instrument 

calibration and atmospheric effects. 

The reported data were tabulated as a function of 

intensity (I-atoms/cm2-col) versus solar depression angle 

(5) and height (h), where h - 6371 (sec 6 - 1) kilometers. 

A first-order exponential interpolation was used between 
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data points,and several checks showed that no more than a 

one-percent error was introduced by this process.    (See main 

text for greater detail.) 

To obtain a density distribution, a straight numerical 

differentiation was performed in the integrated intensities 

according to the following expressions: 

OS 

I (h) ■ /    p (h) dh atoms/cm -col (B.l) 

dl (V .    3 

h o 

p (V dh 
atoms/cm (B. 2) 

A five-point differentiation formula was used on points tab- 

ulated at increments of one kilometer: 

d ^o W       (I.2-8I.1 + 8I1-I2) ^ 3) 

dh       ' 12 ^h 

This formula is an average of trapezoidal differences that 

allows the expression of odd-order derivatives in terms of 

tabulated values at h + Ah   rather than in terms of h + T • 

A check was performed by using the calculated values of p 

obtained from Equation   B.3    and by approximating the inte- 

gral (Equation B.l) by a sum:       k 

T    , calc -    Y   p (j) + C (k) ©.4) 

j-h 
■'    o 
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where C (k) - / p (h) dh - the integrated intensity above 

k 

k kilometers. 

In sununing the calculated values of p, it was found that 

the error between the tabulated data I (h) and the calculated 

intensities I (h) calc did not exceed 10 percent, and it 

averaged approximately 4.5 percent. 

In plotting the calculated densities [Equation B.3 ] 

versus height, twenty kilometers was added to each tabulated 

height in order to arrive at the best estimated effective 

shadow height as determined from the atmospheric solar il- 

lumination coefficient (e) (Appendix A). To 

evaluate the validity of this single height adjustment to all 

points in the data, a process using the numerical differen- 

tiation with the illumination coefficients incorporated was 

performed on several sets of data. 

For the purposes of this investigation, a density dis- 

tribution, pP(h), was assumed that possibly could have existed 

In the atmosphere after a high-altitude nuclear event. Whether 

or not this distribution actually existed is not definitely 

known? however, it is not of importance in the evaluation of 

the mathematical approximations. 

299 



The integrated concentration, Iobg(h), that would have 

been observed with the photometer had this pE(h) existed can 

be computed directly according to the following expressions: 

00 

€ (h) pE(h) dh atoms/cm - col  (B.5) 

h 
o 

K 

€ (j) PF (J) + C W        (R6) JE 

The atmospheric Illumination coefficients, (c), used In 

Equation B.6 were average values for'five-kilometer Incre- 

ments (Figure .1), and represent a screening layer forty 

kilometers In-thlckness applicable to solar depression angle 

from six to sixteen degrees. The effect of this screening 

layer In all cases Is to lower the apparent height above 

vhlch a given Integrated concentration occurs. 

The first density distribution 

d 1 .  (h) 

Pcaic wir— +20km      (B-7) 

„as obtained with Equation B.3), and the twenty-kilometer 

adjustment employed to arrive at the best first approximation 

(FlgureB.2). A polnt-by-polnt comparison with pE (h) shows 

that the p^W is ten percent greater at 170 km . a factor 
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of four greater at 120 km . and 34 percent less than pE(h). 

at 90 km. 

In order to obtain a second and closer approximation to 

p (h), a process of iteration was employed  in the following 

manner.    Operating directly on the first approximation 

o1      (h) with the e coefficients, a new integrated intensity 
McalcN 

Is summed: 

^(h)- I     ^ Ü) Pcalc ^ + C(k)  (B'8) 

J-ho 

The second approximation P^lc(h) is then computed: 

d[l v (h) " ILlr(h)1 

P!.U^ ■ °lu™ - °-  *    '- (B•9, 

The results of this computation are also seen in Figure B.2. 

A comparison with pE(h)  indicates t*at the second approxi- 

mation p2 ,   (h) is converging for points above approximately 
calc 

105 km. but diverging for points less than this height. 

A similar computation was performed starting with the 

same p (h)  distribution except that the first approximation 

was 

la    (h)  .iWÜ '(B-IO) 
Pcalc(h) dh 
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without the 20-km .djustment to «tlnrnte the effect of the 

,ol.r lllumlnetion coefficient. This initial approximetion 

assumes no atmospheric effects, i.e.. a sharply defined 

shadow line where € was equal either to unity or zero. 

Figure B.3 shows p^lc(h) in this instand* is consistently 

low, by a factor of 3 at 160 km. a factor of 5 at 110 km. 

and 64 percent at 80 km. An iteration process (EquationB.9) 

showed that p2c*lc(h) is converging to pE(h) at .11 points, 

although there is still a substantial difference in «agni- 

tude at a given height. 

Figure B.4 shows the results of operating in a similar 

manner for a first approximation to a density distribution 

quite unlike pE(h). This arbitrary distribution [px(h)] 

covers two orders of magnitude in a height of less than 

twenty kilometers and may be likened to the concentration 

of free sodium atoms occurring in the atmosphere. The first 

approximation Px.calcW offers from px(h) by a factor of 

eight at the maxima of the distribution and by as much as 

a factor of fifteen at the upper end of the concentration. 

A twenty-kilometer adjustment would be entirely inappropri- 

ate in this case and would result in even greater differences 

in magnitude and location of the maxima of the assumed 

concentration. 
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The results of the Investigations on these three sets 

of data may be interpreted in the following manner: 

rASF. T ^FigureB.2). When the ratio of the height of 

the particle distribution to the thickness of the screening 

layer operating on that distribution is large (> a factor of 

three) and the € coefficients are very nearly a linear func- 

tion over this screening layer, then a twenty-kilometer height 

adjustment (h - 6371 (sec 6 - 1) + 20 km) to the densities as 

derived from measured intensities (EquationB.2) would give 

the best first approximation to the actual particle distri- 

bution in the atmosphere. Since there is no single valued 

constant of proportionality applicable to all heights of the 

distribution, the agreement between pE(h) and PcalcO0 is 

less in the middle portion of the distribution than it is at 

either end. It is of importance that the agreement near the 

maxima of the concentration is within fifty percent. It is 

felt that the uncertainty resulting from this method of ap- 

proximating the effective height of the density distributions 

reported in the main text is within the overall uncertainty ex- 

pected from Instrument calibration and atmospheric effects. 

The method of Iteration employed to compute Pcalc(h) 

resulted In a second approximation that was closer to pE(h) 

except at the lower portion of the distribution.  This 
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computation was hampered at this point by the use of the 

five-point numerical differentiation formula and a dh of five 

kilom-.ters that resulted In the loss of four data points with 

each differentiation.    The computation on this portion of the 

curve where the shape is changing rapidly Is extremely sensi- 

tive to small errors and an extrapolation of the data Is not 

advisable.    However, with the proper choice of formulas, 

height Increment (dh),and exactness In the computations. It 

Is expected that successive Iterations should Increasingly 

succeed to approximate the original distribution.    Inherent 

In the application of this method Is a smoothing operation on 

the calculated Intensities between successive Iterations, I.e., 

restrictions dictated by the physical phenomena involved. 

These boundary conditions are such as (1) particle density 

cannot be negative although It may be zero at a given height, 

and (2) sharp changes In the shape of density curves vs. 

height are highly unlikely to occur in the differential height 

used (in this case 5 tan which is very much less than the scale 

height of the measured species at these altitudes).    These 

restrictions serve to eliminate the fluctuations introduced by 

the inexactness of the input data and the resulting instabili- 

ties in the differentiation processes. 

304 



p-ftrc TT (FigureB. 3).    The methods employed were the 

same In this case is in Case I with the exception of the 

20-km height adjustment to the first approximation.    Although 

o1*,  (h)  is equal to or slightly better than Pcalc00 « a 

first approximation In the center portion of the curves 

(* 120 km). It is not as close at all other points on the 

curve.    If the criteria of comparison of these approximations 

to pE(h) were the area between the curves instead of a point- 

to-point magnitude ratio. pjalc(h)  In Case I would still be 

the best first approximation to pE(h).    The result of an 

iteration, p2*,   (h), shows that the curve is approaching 
calc 

p (h)  at all points, and the conments on this process in 

Case I are relevent here. 

CASE III  (FieureB.4).    This example points out the in- 

adequacies of the methods employed in Cases I and II to a 

distribution with a thickness much less than that of the 

screening layer.    A differential height of one km was used 

in this case in an attempt to give a fine resolution to the 

rapidly changing densities.    However, by any criteria, 

0 (h)   is a poor approximation to p (h).     Fortunately, 
x-calc 

most of the data reported in the main text does not fall In this 

category. 
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For future applications,an extension of the techniques 

of data reduction methods discussed in this paper is the use 

of electronic differentiation directly on the analog or digi- 

tal signal as received from the photometer.    With the proper 

use of calibration factors and the elimination of obviously 

inconsistent data (due to weather,  instrumental difficulties) 

an approximation of the density distribution may be obtained 

from the integrated intensity measured in the field.    The 

magnitude of the concentration of the species as well as the 

height determination can only be as accurate as the degree 

with which the solar coefficients  (e)  are known. 
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APPENDIX C 

T^FTERMINATION OF THE RELATIVE INTENSITY OF 
PHOTON FLUXES BY NUCLEAR DEBRIS-RESONANCE SCATTERING 

This is an extension of the determination of the relative 

intensity of the photon flux caused by nuclear debris resonance 

scattering first reported In ProlectVela—Nuclear Debris 

Detection by Resonance Scattering of Sunlight. GCA Technical 

Report No. 61-42-A, Parti. 

C.l    GENERAL EQUATION FOR THE PHOTON FLUX 

In case of resonance scattering,the number of photons P 

emitted per atom per sec is proportional to the original pho- 
2 S ton flux 0, measured in photons/sec cm   A. 

P « a • (Cl) 

The factor a has the dimension cm and is designated for the 

present work as the absorption coefficient for the transition 

in question and defined by 

a ■ r~ 
fi.^l.x4 (C.2) 
g1  8rtC 

where g. is the statistical weight of the term 

2^ + 1 (C-2a) 

1. 2 

g1 - ^ 

with 

j the total angular momentum of the lower term 

J the total angular momentum of the upper term 

A   the transition probability for emission of 
2-1 the line in question 

C the speed of light 
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and X the wavelength of the line emitted. 

(Details of the derivation of this equation can be found In 

the "Vela Report" pages 115-117.) 

If R    Is the relative abundance of one particular fission 
e 

product (number of atoms of this particular element produced 

per      50 fission events), the total photon flux scattered 

isotroplcaily by this element will be for N fission events 

P' R-N (C.3) 
F 50 

Considering the fact that the detection device has a quantum 

efficiency i) and disregarding geometrical conslderatlon,the 

relative Intensity of the signal can be determined by 

sr - T) • F - n • P • V w (c'4) 

In order to compare the signals resulting from different 

species It Is necessary to compare the values of Sr and 

not only the absorption cross sections 0£ which may lead to 

completely erroneous conclusions.    Combinations of Equa- 

tions (C.2)  and (C.4) yield for the number of photons 

emitted per 50 fission events 

sr     8nc      ''     g 1 
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Dimensions: 

Using the cgs system,  the following dimensions for the 

different parameters have to be used as mentioned in the 

table below: 

Symbol 

C 

Masnitude 

3 x 1010 

var. from 0 to 1 

Dimensions 

" cm' 
[sec J 

'unit signal 
photons 

gl 
var. from 0 to 10 dimensionless 

g2 

A 

var. from 0 to 10 diraensionless 

7    9 
var. from 10 to 10 

[ 1 " 
sec. 

X var. from 3 x 10* to 

8 x 10'5 

[cm] 

Re 
var. from 0 to .15 dimensionless 

N 
dimensionless 

21 
var. from 2 x 10  to 

6 x 1021 

photons 
* 

cm • sec • cm wavelength 
interval 

■ 

C.2    DETERMINATION OF ABUNDANCE OF FISSION PRODUCTS 

The relative abundance of the major fission products 

was determined as follows: 

(1) The total fission yields per mass number (i.e., 

number of atoms of a particular mass number produced per 

100 fission events)  as  listed in Column 2 of Tabled 
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was taken from References 36 and 37. 

(2) The decay schemes for every fission produce were 

examined^and the stable end product for every mass number 

was determined.    In every single case^there was only one 

stable end product per mass number,' therefore, the total 

fission yield for a particular mass number could be in- 

terpreted as the fission yield for a particular isotope. 

The fission yields of these Isotopes are listed in Column 4 

of Table C.l.    A blank in Column 4 next to an isotope, in- 

dicates that this isotope is .»ot present in nuclear debris. 

(3) The relative abundance of all the major fission 

products are listed in Column 5 of Table Cl. 

Relative abundance ^ of an isotope is defined as the 

number of atoms of this particular Isotope per 100 atoms 

produced by nuclear fission.    Because terniary fission 

(division into three fragments) is very rare (5x10     per 

binary fission) (Reference 38), the relative abundance of a stable 

element is Just Vj of the fission yield for the particular mass 

number of this element; in other words the relative abun- 

dance can also be defined as number of stable isotopes of 
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one particuUr miss number produced per 50 fission events. 

(4) The relative abundance Re of the different ele- 

ments were determined by adding up all the abundances of 

the respective isotopes as shown in TableC.2.    Again the 

definition of relative abundance of an element is the num- 

ber of atoms of this particular element out of 100 atoms   . 

produced by fission or the number of atoms per 50 fission 

events. 

C.3    DETERMINATION OF RESONANCE ABSORPTION CROSS SECTION 

The values of a as defined by Equation (C.2)  and pub- 

lished in the Vela Report were originally computed from 

theoretically obtained values of A (transition probabili- 

ties), because no reliable experimental data were available 

at that time for the elements in question.    In the mean- 

time, however, a comprehensive table of experimentally 

determined transition probabilities  was published 

(Reference 39). 

Resonance lines of the elements in question were ex- 

amined, but only those were used which have ag2- A value 

greater than or approximately equal to 1.0. The results 

of these calculations are given in Table C.3. 

In order to evaluate the different resonance lines, 

the relative signal strength Sr was calculated by 
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multiplying a of .n individual element with U. relative 

.bundance, and with ♦, the aolar flux denaity.    Sr(X.Z) 

can be interpreted a. the number of photons of wavelength 

X (resonance line of the element Z)  scattered into the 

solid angle of 4« by the atoms of the fission product Z 

produced by 50 fission events. 

The wavelength dependence of the sensitivity of the 

detection device Is characterited by th. value of n (quantum 

efficiency of typical photo cathode S-20).    The observable 

relative signal strength Sr then becomes 

Sr - Sr • t, 

S yields a realistic value for comparison of the different 

intensities. Sr multiplied by the attenuation factor and 

the solid angle of the detection device gives the absolute 

value for the observed signal. 

C.4 DISCUSSION 

A comparison of the Sr values leads to the selection 

of the lines in TableC3. 

It was desirable to have a pair of strong resonance 

lines for every selected element, one line of the neutral 

state and one of the element ion. Unfortunately, this is 
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only the case for Sr and Ba. Furthermore, the Ion lines are 

weaker by at least one order of magnitude or more. This, on 

the other hand, is compensated by the fact that at least 

initially (up to approximately A8 hours) the ion conecntra- 

tion in the debris may exceed the neutral atom concentration 

by approximately a factor of 100. 

The resonance lines for the Mo and Nd ions are in the 

far UV and therefore unsuitable for optical observations. 

Table C.3 gives several values for comparison. Column 3 

lists the value of a which is designated as the cross section 

for resonance absorption. The general value is of the order 

of 10'22 cm3. Column 4 lists the number of photons/sec 

scattered from the sunlight by one atom of the particular 

element. Column 5 lists the number of photons/sec scatter^ 

from the sunlight by 1 kg of the" element in question. Col- 

umn 6 gives the number of photons/sec scattered from the 

sunlight by the amount of atoms of a particular element 

produced by a fission device of 1-kt yield. This number was 
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obtained by using the well-known value 

1 kt -♦ 1.45 x 10 3 fission events 

This value, multiplied by the relative abundance of the 

fission product and the number of photons/sec scattered per 

atom of this fission product, yields this value listed in 

Column 6.    Column 7 gives the quantum efficiency or relative 

phototube sensitivity for the best now available photo- 

cathode S-20.    The values from Column 5 and Column 6 multi- 

plied by this quantum efficiency give an adjusted signal 

strength as listed in Columns 8 and 9.    For  the fission 

products, such as Al and Li. only the number of photons/sec 

kg are listed for comparison. 

In the case of U,  an efficiency for fission of 80 per- 

cent was assumed.    This gives a relative abundance of 20 per- 

cent for uranium in the debris.    This fraction seems  to be 

an average value and therefore can be used as a good approx- 

imation. 

Note: AU values listed In Columns 5,  6, 8 and 9 are the 

number of atoms scattered Into the total solid angle 4«. 

Also, no adjustments have been made for attenuation of 

radiation by the lower part of the atmosphere. 
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TABLE C.l    FISSION YIELDS PER MASS NUMBER 

^ 3 ^% 0)         «9   C 

4» ^ ^S.5 
•*4 & a *J o <« 
>*   Ü 4i •a o ii a 

u 

4J 
e 

i 
^  c 

3! 
5 H o r' 

1 
« z 

•mt   at 

^ 2 

V 

u 
Al     M 

9* -* Id 
e 
o w 

01   0   0 
>   U        "0 

^4   0  b  tl 

n a 
2 

-5 
0   0 
H fa 

V      M 
-<   W 

a at u w 

^4  ^ 
n ^ 

■«4   4J 
Ut CA 

4J   «   4)  U 

JSW|3 

84 1.0 Kr84 1.0 0.5 

Sr84 - - 

85 1.3 Rb85 1.3 0.65 

86 2.0 Kr86 2.0 1.0 

c   86 
Sr - - 

87 2.5 Sn87 - - 

Rb87 2.5 1.3 

88 3.6 Sr88 3.6 1.8 

89 4.8 Y89 

Sr89 

4.8 2.4 

90 5.8 Zr90 - - 

Sr90 5.8 2.9 

91 5.8 Zr91 5.8 2.9 

92 6.0 Zr92 6.0 3.0 

Mo92 - - 

93 6.5 Nb93 
.-« 

- 

Zr93 6.5 3.3 

Mo93 - - 

94 6.4 
„ 94 
Zr 6.4 3.2 

Mo94 - - 

Nb94 - - 

95 6.3 Mo95 6.3 3.1 

96 6.3 Zr96 6.3 - 

Ru96 - - 

97 6.1 Mo97 

97 
6.1 3.0 

Tc • 
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TABLE Cl  (Continued) 

■O /^ ^K « « c 
- M u it u -.   «  0 
«i >-> o & s a a-^ 

■H £ a) 4J   o  « 
►• w ti •V 0 u « « •M 

•O c C H o r« 
c -S c 

•S 
3 •^ a f* 

u o 8 1 5 H 
41         >» 

a w z 4* 
»i-< a<M A 

1 M 
■^   CO M 

w e 
A  gg 
«   4) 

§: •»4 

0   0 _ 
U       13 
0   14  4) 

z 
IS 4J    U 

(A £ 

0) 

M   41  U 

2 0   0 
H hi M ft« d. M a£ 0 z u 

98 5.8 Mo98 

Tc98 

» 98 Ru 

5-8 2.9 

99 Tc" 6.06 3.0 

100 6.3 Mo100 

o    100 
Ru 

6.3 3.1 

101 5.0 n    101 
Ru 5.0 2.5 

102 4.1 Ru102 

Pd102 

4.1 2.0 

103 3.0 Rb103 3.0 1.5 

104 1.8 
„  104 
Ru 

104 
Pd 

1.8 0.9 
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TABLEC•1  (Continued) 

«^ SO cog. •* £ ., [fa n a  o  in >  * JJ u -oou» 
^« e -oc CHO-< 

Is» I si <s.-l, 

3                        s ai e oai ^ow« 

5                           ß£ M£ fcW 06OZÜ 

129 0.9 I129 0.8 0.4 
128 

Xe 

130 2.0 Te130 2.0 1.0 
130 

Xe 
„ 130 
Ba 

131 2.9 Xe131 2.9 1.5 

132 4.4 Xe132 4.4 2.2 

„ 132 
Ba 

133 6.6 Cs133 6.6 3.3 
„ 133 
Ba 

134 7.9 Xe134 8.1 4.0 

« 134 
Ba 
r l35 

135 6.4 Cs 

137 6.1 Cs 

i 
137 

Ba135 6.4 3.2 
136 

a 

Ba] 

] 
a 

137 

136 6.5 Xe136 6.5 3.2 
136 

a 
r.   136 Ce 

Ba137 6.1 3.0 

La 

138 5.7 Ba138 5.7 2.8 
,  138 
La 
„ 138 
Ce 
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TABLE C.l (continued) 

u 
41 

1 
Z 
» 
ID 

139 

149 

150 

■H 

Q 

« Z 
M ~< « 
h « 

P ,0 

6.2 

140 6.4 

141 6.0 

142 5.0 

143 6.0 

144 5.7 

145 4.0 

146 3.1 

147 2.4 

148 1.7 

1.1 

0.T 

u 
e 
ä 
v 
Id 

«I C 
^ 41 
A   » n u 
u u 
01 Ol 

La 

Ce 

Ce 

Pr 

Ce 

Nd 

Nd 

139 

139 

140 

141 

142 

142 

143 

Ce 

Nd 

Sm 

Nd 

144 

144 

144 

145 

Pm 

Nd 

Sm 

145 

146 

146 

Pm 

Sm 

Nd 

Sm 

Cd 

147 

147 

148 

148 

148 

Sm 

Nd 

149 

150 

u >-' 
0 (fa « u 

■« e 
It 
•H   41 

u 
B 
0 41 

■»* r-l 
01 ^ 
n (• 

(fa M 

6.5 

1.1 

0.7 

4) MC 
U ^ 41   O 
e n a. •<■< 
ig 4J o  in 
■a o w in 
B H O ;- 
3 «_/ W (fa 

4» O O _ 
> 4J "O 
•* O U   V 
4J M at u 
<« H ^ n 
-< go* 
4) IM 3   Irf 

eel o z U 

3.2 

6.4 3.2 

6.0 3.0 

6.0 3.0 

6.0 3.0 

5.6 2.8 

4.0 2.0 ' 

3.0 1.5 

2.4 1.2 

1.7 0.9 
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TABLE C.2   RELATIVE ABUNDANCE OF DIFFERENT ELEMENTS 

 Z, ^7       38       39       40       41       42       43       44       45       46 
M\Z       JJ      ^       fr        1        Zr        Nb        Mo       Tc        Ru       Rh        Pd 

84 .5 

85 .8 

86  1 .0 

87 1.3 

88 1.8 
(50d) 

89 (2.3)-* 2.3 

90 2.9 

91 2.9 

92 3.0 

93 3.3 

94 3.2 

3.1 
95 

3.1 96 
3.0 97 
2.9 98 

3.0 
99 

3.1 100 
2.5 

101 
2.0 

102 
(1.5)-»1.5 (41d) 

103 

104 
9 

TOTAL 1.5 2.1 4.7  2.3 12.4 
(7.0) 

15.2 3.0 5.4  1.5 
(6.9) 

-♦  48.1 
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TABLE C2 (Continued) 

,52   53- 54   55   56   57   58   59   60  61   62 
MZ  Te   I.  Xe  Cs   B.   U   Ce   Pr   Nd  Pm   Sm 

129 0.4 

130 1.0 

131 1-5 

132 2-2 

133 3-3 

134 4.0 

135 

136 3.2 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

3.2 

3.0 

2.8 

3.2 

3.2 

3.0 

3.0 

3.0 

2.8 

2.0 

1.5 

1.2 

0.5 

TOTAL 1.0 0.4 10.9 3.3  9.0  3.2  6.2  3.0  10.6 1.2  0.5  49.3% 
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