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ABSTRACT

Aircraft sampling penetrations of a low-yield nuclear cloud from a land-surface
burst in Nevada were made at four altitudes, from 20 to 54 minutes after deto-
nation. Samples from each of the four levels were radiochemically analyzed for
15 fission product isotopes. Other samples from each level were fractionated
into seven particle size groups by settling in benzene. The individual size
fractions were analyzed radiochemically and by gamma spectrometry. Particle
size distributions and specific activities were measured in the untreated and
artificially fractionated specimens of debris. Fallout samples were collected
in trays along the fallout hot-line. The fallout samples were radiochemically
and gamma spectrometrically analyzed.

The extensive radiochemical and physical data published by NRDL on the
fallout samples (Reference 9) were used in conjunction with the cloud data to
establish: (1) approximately 70 to 75 percent of Zr* and the rare earth refrac-
tory fission products had fallen out of the cloud within 20 minutes of the detona-
tion. Of the 25 percent remaining, about 15 percent later fell out locally and at
intermediate distances; the remaining 10 percent resided in particles less than
18 micron diameter and was carried to larger distances. (2) Approximately 5
percent of Cs37 and 5r 89 fell out of the cloud in the first 20 minutes. Of the Cs
remaining in the 20-minute cloud, about 25 percent fell out locally and at inter-
mediate distances; the remaining 70 to 75 percent was associated with particles
less than 18 microns in diameter and was dispersed to larger distances.

The partitioning of 18 fission product chains between the cloud and the prompt
fallout has been determined from the detailed radiochemistry of the cloud and
fallout samples. All are intermediate between Zr and Cs in partitioning behavior.

The radiochemical composition of prompt fallout particulates can be system-
atized on the oasis of a simple model employing the concept of fallout formation
time.

The R value data for the cloud are satisfactorily fit by the relationship
Rlom " (.M, )n where n varies between 0 and I for the different isotopes. The
relationship is not extraplatable to the composition of the fallout samples.

Three specific activity and particle size distribution behaviors can be dis-
ceorned: irregulars in the cloud; irregulars in the prompt fallout; and spheres
In the cloud.

The particle frequency functions for the irregulars in the cloud can be fit by
F(D)=/D". The sle distribution for spheres appears to be approximately log-
normally distributed about a mean of 30 microns.

The specific activi of all Isotopes in the cloud is highest in the smallest
particles. % Ofissions of Zr per gram) in the cloud deoreaso vit increasing
pSatscle aiso but aveas abut 5 x 10", simila to the value In the most
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Intense prompt fallout samples. B. In the cloud averaged 4 x i0" fissdons/gm
compredto 1.2 x 101 In the intense prompt fallout. The relationship between

Ig*,and diameter iSgiven by: 5g a:DL*tl. 8131 follows no simple relationship
with D over the entire size range but the distribution of Ca between particles
> 18;& and < ISP can. be fit by Sa~o D-1 - Dta on the regulars (spheres) are ten-
tative. The spheres exhibit a somewhat higher specific activity (SK) than the
Irregulars. No more than 10 percent of the cloud fission activity is borne by
spheres. Microprobe analysis demonstrates most spheres contan iron, with
various quantities of Cr, Mn, Ni, and Zn, some of which show a tendency to be
enriched relative to iron as particle size increases.

The importance of synthesizing dita. from cloud apid surface sampling Aaly-
aft programs is stressed. Isotopic fractionation is used as a tool In arriving
at a partitioning between prompt and more remote fallout.



PREFACE -

Many members of the Biophysics Branch, Air Force Weapons Laboratory, par-
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CHAPTER 1

INTRODUCTION

1.1 OBJECTIVES

The prime objective of this study was to define the radio-

chemical and physical characteristics of the nuclear cloud in

a three-dimensional sense and to relate these characteristics

to those found in prompt fallout samples along the hot-line.

Parameters to be investigated were: (1) the particle size

distribution in the cloud; (2) the relationship between particle

size and individual radionuclide specific activity of regular

and irregular particles; (3) partition of isotope activity

between the cloud and prompt fallout; (4) the ultimate disposition

of the cloud's isotopic content downwind as determined by particle

size considerations; (5) the fractionation systematics of the

event; (6) the composition of regular and irregular particles

a determined by electron beam microprobe analysis.

1.2 BACKGROUND

Only a handful of nuclear explosions have been conducted

by the United States on continental land surfaces prior to

Johnie Boy. These have all been of low yield (in the vicinity

of 2 kt or less). Most have been the object of intensive

fallout investigations since they represent the only basis on

_SECRET
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which to suggest similarity and differences between fallout

phenomenology given by high-yield surface bursts on barges or

on coral islands and the phenomenology that would result ftM

high-yield continental surface bursts.

A sound fallout model leans heavily on assumptions con-

cerning relationships between particle size and specific,

activity and the variation of these quantities with yield

and burst conditions. Despite many years of experimental

fallout studies much of the basic physical input data incorpo-

rated into fallout models and the scaling laws used in going

from low to high yields are uncertain. Specifically open

to question are (1) the particle size distribution, normally

taken to be yield-insensitive and log-normal in form; (2) the

relationship between specific activity and particle size,

usually taken to be independent of particle size and unperturbed

by fractionation; (3) the specific activity in a given size

interval, cormonly assumed to be directly scalable with yield;

(4) the ignoring, until very recently, of the importance of

isotope fractionation in affecting the character and intensity

of the fallout field, and the partitioning between close-in

and more remote fallout. Ideally, limitations of a fallout

model should be imposed more by uncertainties in the moteor-

ology and the three-dimensional distribution of the radioactive

debris in the cloud than by Inadequacies in basic physical data.

14
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The relatively poor understandinp, of close-in fallout

phienoamena (considerinp the large number of experimental

opportunities provided)must be attriouted in part to fragmenta-
I

tion of effort. Until recently only desultory attempts have

been made to correlate information obtained from cloud samples

with those derived from associated ground fallout samples.

Traditionally, aerial cloud sampling and surface experimental

groups had quite different obJectiveu and oorrowed little

of each other's data. Notable contributions in recent years

by Freiling (References 1 & 2) are in Dart due to a considera-

tion of both cloud and ground fallout analyses. Also, useful

information possessed by agencies that are not interested in

the fallout problem per se can be extracted in a form that

reveals no sensitive details. For example, if fission product

R values of a given event are reported in terms of their ratio

to an expected norm (the H value of an unfractionated sample

appropriate to the device in question), then not even the

fission product yield curve of the device is revealed. These

normalized R values are referrea to as H' in this report.

Isotopic fractionation is a ,poverful and relatively

unexploited tool in the study of surface-burst explosions.

If well docmsented spacialy, isotopic fractionation patterns

permit one to partition individual isotopic radioativities

15



betveen persistent cloud compofents and fallout, and with

some confidencebetween various particle fractions in the

persistent cloud.

-1.2.1 Characteristics of Ground-Burst Debris.

Stevenson (Reference 3), and Freiling (References 1 and 2)

have demonstrated the existence of systematic isotopic fractiona-

tion patterns in ground burst debris. The relevant data of

Stevenson and Freiling are mostly confined to large yield

Pacific coral island tests.

Stevenson found that the fractionation patterns of cloud

samples from coral atoll surface shots can be reasonably well

fit by a linear R value plot. Freiling, however, in an

extensive study of the fractionation of coral island and

water surface bursts, in which cloud and fallout samples

both were measured, found it necessary to invoke a logarithmic

plot. Logarithmic plots of Ri,89 versus R5,8 give straight

lines fitting both classes of burst quite well, under conditions

whereby R value ratios fractionated ,over a two order of m..itude

range.

Freiling has suggested (Reference 2) that the power law

fit of the fractionated Sr8 R values, R,,8, a ( 1 5 ,89)n, ma

be related to the mathematical fact that the product function an.

Log normal (x) is also log meual la fuu an vit the sam

IQa



variance. Thus, if the particle size distribution is log-

normal, the particle area and the particle volume functions

should also be log-normally distributed. Freiling suggests

that the most refractory isotopes, e.g., Zr9 5 and Ce144 will

be incorporated in the fallout material throughout the volume

of the particles, whereas such species as Sr89 and Csl 3 7

which are mainly in the form of volatile precursors at the tine

of condensation of the particle matrix, will distribute themselves

on the surface of the particles and will be log-normally

distributed as D2 . All other radionuclide chains will exhibit

an intermediate character between Sr89 and Zr9 5 , being partly

attached to the surface and partly incorporated in the particle.

Since radionuclide composition and particle size are

intimately related, with refractory isotopes shoving an

enrichment relative to volatile isotopes in large particles,

at least the qualitative features of Freiling's hypothesis

are borne out by the facts. It is possible, however,

that a randomized surface attachment, directly related to the

refractivity of the chain in question will probably equally

well account for the observations. The closest approach to

ideal condensation behavior, as Freiling emphasizes, should

be given by airburat condensation processes, where the

entire matrix is initially in the vaporized state. However,

17



the specific activity of individual airburst particles in

the micron size range has been observed by the author to

decrease with size. These airburst particles are highly

enriched in refractory relative to volatile isotopes, and the

majority of their activity is due to the refractory

radioisotope components (Zr9 5 and rare earths). Hence one

would expect a gross specific activity relationship which

is essentially constant, or which falls off between D2

3and D In fact, the fall off in specific activity with D is

much steeper than D2 in the majority of instances observed

(Reference 4). In a surface burst a large fraction of the

matrix to which the radioactive comnonents can be attached has

never been volatilized at all. Thus surface attachment of the

fission fragments to larger inert particles must be considered

an important mode of associaticn in ground bursts.

Particle Size Distribution. The LRDL D-Model (Reference 5)

for fallout assumes a log-normal particle size distribution

for Nevada soil with LogloD = 2.053 and c= 0.732. Values

adopted for coral are log1 0 D = 2.209 and c = 0.424. RAND

(Reference 5) uses a distribution defined by lo. 10D - 1.65

anda =0.69 to describe 95 of the cloud, and log10 D - 2.34

anda =0.50 to describe the remaining 5%. Both models

18
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assume a uniform activity distribution with mass. For example,

the RAND model with log1 0 D a 1.95 puts 95% of the activity

between 20 and 360 micron diameter particles, and with

log1 0 D n 2.54, 95% of the activity is between 160 and 1200 microns.

Specific Activity and Particle Size. The literature an

particle size distributions, and specific activity as a

function of particle size (mostly gross activity data, un-

differentiated by nuclide assay), is abundant. This resume

will confine itself to Jangle 8, Jangle U, and Teapot ESB

(References 6 through 8).

(1) The highest specific activities we have been able

to find documented radiochemically for Jangle S and Jangle U

are 2.9 x 1013 fissions of M99 per gram of fallout. In Jangle U,

Mo9 9 appeared to be the most refractory isotope, Judging from

comparative analyses of Zr 9 5 and Ce in the specimens

(References 7 and 8). In Teapot ESS, S14 (expressed in fissions

of Ce14 per gram of fallout and estimated by us from the dm/pK

data) exhibited & maximum of about 2.3 x 1013, along

the hot-line, although one ample collected 3,400 yards from

ground sero gave an estimated 8,44 of 5 x 1014 fissios per

(Reference 6). This is probably a sample of true fireball

material. It is estimated that one ton of yield will vaporise

about 0.4 ts of *oil. Thus, a ressonable upper lmit for

1S



the specific activity of a soil-like fission product as

*l1414
Ce vould be about 3.5 x 10 fissions/gm of prompt fallout.

The average specific activity for a given event is difficult

to determine without a comprehensive analysis of all pertinent

data. For example, in Teapot SS, S 1 1 increased from 4.5 x 1012

at 300 yards (R/hr z 4150) to 2.3 x 1013 at 3,400 yards (/hr a 43).

A crudely weighted average of about 5.5 x 1012 F /144 I/m is

indicated.

(2) The specific activity generally decreased with particle

size but was constant to within a factor of two over the

range of 400 to 3000 microns. In Jangle S and Jangle U, 95% of

the total activity was found in particles in excess of 20

microns diameter. There is some tendency for enrichment of

Sr 8 9 and Ba 1 40 in the finer particles relative to Zr5 or

Ce . Typically, ground fallout particles contain less

than 10% of their representative Sr 8 9 content and about 35%

1140of their representative Ba content relative to the refractor

isotopes (Reference 6 through 8).

(3) The fraction of fully active particle in the

intense, prompt fallout increases with particle size. It

is estimated in Jangle U that 0.1%, 19 and 10% of 1, 10 and

100-mLcron particles, respectively, were active. In Teapot EB8,

12% of particles larger than 200 adermns were fully active

and 39% were surface active.

20
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(4) Hot particles have a number mean diameter larger

than cold particles. The standard deviation of the frequency

curves of hot and cold particles are comparable, The mass

distribution for the prompt fallout along the hot-line generally

is peaked to larger sizes than the undisturbed preshot soil.

(5) The radiochemical composition of cloud and fallout-

samples indicates severe fractionation of isotopic ratios

of a comlementary nature. The refractory isotopes Zr
9 5 ,

Cle14 4 and Mo99 are enriched in the fallout samples. The

volatile isotopes Sr8 , Bal O, Ag ) and Ru 06 are enriched

in the cloud samples. To our knowledge material balance

calculations have not been performed for these events,

whereby an attempt vas made to partition radioisotope activities'

betveen surface and the cloud.

- 2 !



CHAPTR 2

PROCZVUE

2.1 AIRCRAFT SAMPLING

Three WB-57 aircraft equipped with wing-tip tank samplers

penetrated the cloud at five levels between 20 and 54 minutes

after the detonation. Each tip tank exposed a .75-square

foot IPC filter paper. The tanks were equipped with an open-

close valve which was activated from within the aircraft. Flow

rate through the filter paper was approximately 1,500 linear

feet per minute. At these face velocities IPC was almost 100%

efficient for all particles with diameters in excess of w,.0l

micron diameter. IPC is a cellulose mat paper which is

impregnated with kronisol (dibutoxyethylphthalate). Its

extreme purity from inorganic contaminants and its suitability

for dry or wet ashing manipulation in the laboratory render

it most useful for studying the chemical and physical properties

of aerosols.

The sampling aircraft were equipped with a number of

active and passive radiation measuring devices. Table 2.1

summarizes the salient features of each of the six independent

penetrations between 9,500 and 14,000 feet MBL, the approxi-

mate upper and lower boundaries of the intense cloud. Ground

zero was ,153 feet ML.

22
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In Table 2.1, R refers to roentgens and F to fissions.

F(gross) was obtained by Los Alamos between H + 1 and H + 2

hours, using standard assay techniques. F95 and FI3T

95 13T
were obtained radiochenical3y by assay of Zr 5 and Cs137

The parenthesized numbers are exponents of 10, e.g.,

1.6(14) a 1.6 x 101 (see AppendcxA).

2.2 FALLOUT SAMPLING

Fallout samples were collected in 0.75 ft 2 cake pans

filled with Nevada soil, placed along the anticipated hot-

line (100 east of north) at 500, 700, 1,100, 1,300, and 1,500

yards from ground zero. The addition of soil to the pans

was most poorly conceived. The fallout samples were difficult

, to analyze in a representative fashion, and only a limited

!: number of radiochemical and Samna spectrometric data were

obtained from them. They were useful, however, in demonstrating

some of the compositional relationships between the largest

debris found in the cloud and the fallout and provided

a few cross-check points on the very extensive radio-

chemical data an the fallout samples given in Refrence 9.

23
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2.3 AERIAL FILTER PAPER ANALYSIS

A portion of each filter paper was dissolved and anal,'sd

radiochemically for Sr89 , Sr 0 , Y9 1 , Zr9 5, Mo99, CdllSm,

Sn123. sn125,, Ru10 3 , Rl06, Te g29 a, T0132, Cs137, B140

CeI1I, Ce14, Pr 143, and Ndl 7 . Standard carrier

radiochemical procedures were emplqed. The results are

reported an R values. An R Value is defined as:

(Ai/A99 )J.B.
(AI.9)3 (thezual fission)

Here A. is the disintegration rate of isotope i, A Is the

disintegration rate of Mo99 . The numerator is the die-

integration rate of the isotope relative to ?4o99 in Johnie Bay

debris; the denominator is the ratio of the isotope disintegration
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rate to *99 found in the thermal neutron fission of

U215 . .a n value is defined in a similar fa"shion

(Ai/A. )JTB" debris
(AA99)J.B. unfractionated

The radiochemical analysis methods have been oalibrated

by thermal neutron irradiations and are generally accurate

to about 10%.

2.4 PARTICLE SIZE AND SPECIFIC ACTIVITY STUDIES

Z.4.1 Benzene Column Sedimentation. A known fraction

of IPC filter paper was dry &shed at 450 to 5000 C for 24 to 36 hours.

The ash was suspended in benzene in a 500-ml graduated cylinder,

vigorously stirredand then allowed to settle for 120 minutes.

The top 400 ml was withdrwn and filtered through Whatman 142

filter paper. (The filtrate was inactive). One quarter of

the filter paper sample was reserved for microscopic particle

sizing, as described below. The remainder was dissolved and

transferred to an ampoule for gama pectrometrie masuremnuts,

usft a 2- by 4-foot Nal weUl outer. The 100 ml of bemsne

suspension remaining contained all particles that had al
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from higher levels in 120 minutes. The volume was again made

up to 500 ml with benzene, stirred, end then allowed to settle

for 60 minutes. As Oefore, the top 400 ml was withdrawn,

filtered; and treated as above. This procedure was repeated

for successive settling times of 30m, 15m, and lm. The

residue from the 1-minute settling fraction was filtered

directly. In this manner, 28 samples (seven at each sampling

level) were obtained for gamma spectrometry, radiochemical

analysis; and optical microscopy.

2.4.2 Particle Sizing by Optical Microscopy. Particle

size distributions were obtained on samples of unsized aerial

filter samples and on those which had been subjected to the

benzene column sedimentation. A few milligrams of the debris

were suspended in a collodion-ether-alcohol solution,

spread evenly on a glass microscope slide, and frequency-

diameter data were recorded under magnifications of 100 to 500.

The diameter recorded is the projection on the horizontal

axis. Frequency curves were established for both irregular

and for spherical particles(see Appendix B).

2.4.3 GAmma Spectrometry of Particle Fractions. Gamma

spectrometric measurements were performed on the 28 benzene

fractions, on samples of undifferentiated debris and on soil

samples. The majority of the measurements were performed 440
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days or more after to . At this time, the samples contained ,

only the following major y-emitting components: Ce! -- l I44

RRu106 - Rhl06 Zr9 5 - Nb9 5; C813T; and Co60 . Earlier

measurements established the levels of BaP* - Lal4 o  Ce141

and Ru10 3 in selected samples. Interestingly, the late

gamma spectra provide information on two very refractory

isotopes (Zr95 and Cel4), an isotope with intermediate

volatility characteristics (IU106), an induced isotope

(Co6 0 ) and a very volatile isotope (Cal37 ). Because of the

limited number of components, and the reasonable separation

of photo-peak energies, it was possible to establish the

levels of all components to approximately 10%. The gamma

spectrometric efficiencies were calibrated, post-facto,

by radiochemical analysis of selected samples..
; 2.4.4 Specific Activity Measurements. Direct specific

~activity measurements were performed only on the 11K and

14 samples. Samples odutwere veighed an ssayed an

~the gamma spectrometer. These represented the average

specific activity, expressed in F9 5 , F14, F137)and FIO6

per gram. As veil, each of the seven fractions obtained in

the benzene sedimentation of the IlK end 14K debris were

weighed and assayed. The specific activities of a fey
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individual particle* of spherical debris were assayed an a

low background bets counter and the results expressed as,

2.I..5 Blectron Beam kNicroprobe Analysis. An Applied

Research electron microprobe analyzer was used in these

studies. Comiplete elemental analysis, within the limits

of the probe (Mg to higher Z), vas performed an some two hundred

and fifty particles sampled from different heights. The

majority examined were metallic or metallic oxide spheres

in the 5 to 30 micron diameter range. Particles were located

and sized by the electron back-scatter technique. The probe

was switchaed to spot mode and an electron bern. spot, one

micron in disater, was positioned directly on top of the

particle in question. The X-ray detectors were then scanned

through the required wavelengths and the intensity versus wave-

length data were recorded as mass concentration units on

the read-out. Data ame reported for Fe, Cr, Co, Ni, Ma,

Zn. At the mcomnt the unit has not been

calibrated for spherical particles of varying composaition,

and the data reported are at best qualiftat '*e. Detals awe

to be found in 4neadix D.



TARIL 2. 1 CLOUD SAWLING DATA (9600 to 14,000 foot MEL)

9.5K 11K 11K 12K 13.5-14K 114K

A/C 812-R 842-L 8142-L 2145-L 2145-R 827-L

Tim 33m 20 0 25 a 48 m 5 a 20m

Rfhr(ave) 4 10 3o 0.05 4 75

/hr(max) 6 60 60 0.1 8 200

t(sec) 30 10 15 68 83 17

R(total) 0.45 0.2 0.3 01 0.35 o.6

T(gross) 1.7(14) 4.2(14) - - 7.6(14) 8.4(14)

Fl/ec 0657(13) 1.7(13) - - 0.9(13) 4.9(13)

"95 /sec - 0.73L(13.) - - - 1.0(13)

F1 /,lsec - 1.6(13) . . . 8.0(13)
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 DISTRIBUTION OF RADIOACTIVITY IN THE CLOUD

The active and passive radioactivity measurements

summarized in Table 2.1 make it clear that the most intense

portion of the cloud was in the vicinity of 14,000 feet, both

at 20 and at 54 minutes after detonatio. On any basis (peak

R/hr, average R/hr, total fissions collected, or fissions

per second collected), the intensity profile increases from

the cloud bottom at about 9,500 feet to the top at 14,000 feet.

The purpose to which the radiochemical data of the cloud will

be put does not require a volume integration of the cloud

but only a knowledge of its relative intensity as a function

of altitude. In the sampling effort an attempt was made to

penetrate the region of maximum intensity in each of the

six passes. Accordingly we will adopt a profile of intensity

versus altitude based upon the fission collection rate (F/sec)

encountered at 9.5K, llKj and 14K, from 20 to 33 minutes after

to* The relative values are 1.0, 3.0k and 8.6 at three altitudes,

respectively. These figures will be used to weight the radio-

chemical R values found at each of the four sampling altitudes

in order to obtain an average radiochemical composition of the

cloud. Table 3.1 gives the intensity versus altitude weighting

factors adopted.
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Although this procedure Is quite arbitrary, the partition of

radioactivity betveen the cloud and the prompt fallout, which

will be derived from it, is relatively Insensitive to the

weighting method adopted. Prime weight must be given, In

any event, to the 13.5 and 1-thousand foot samples.

3.2 RADIOCHEMICAL CONPOSITION OF CLOUD SAMPLES

The radiochemical R values, relative to Sr 8 9 , are sum-

marized in Table 3.2 for the 9.5K, ilK, 13.5Kand 14K cloud

samples. The entry for Ave R will be explained in Paragrap

3.2.1.

In Figure S. 1 Bt 89 is plotted against 95, 8 9 " T. "Aunto

are seen to fit the relaticonship:

= 1.00 +_ .05 (B8 9 , 9 5 )3

where n varies between 0 and 1. Species having the same

volatility characteristics in the cloud as Sr 8 9 have sero

slopel on the log-log plot. Species having the same refractory

characteristics as Zr9 5 have slopes near 1.0. Those exhibiting

an intermediate behavior, an C6l14l9 791, hlIO BeJA9 52 4

Te 132 have iateauesite slopes.
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3.2.1 Average Commosition of the Cloud. Using the

weighting factors in Table 3.1, the average vaue Of the

srB9iZr95 R-value ratio Is calculated from the relationship:

R89,95 WZ

R(Z) was obtained from Table 3.2 by linear interpolation at

0.5K intervals. The result obtained is R899 - 3.143, or

R95,89 a .292. To a good approximation, the average composi-

tion is given by the 13.5K cloud values in Table 3.2.

Values chosen from the curves of Figure 3.1 at 9,137 a .292

are given in the final column of Table 3.2.

3.2.2 Radiochemical Comosition and Particle Size. The

R values of Zr9 5 , Ce14 and Rul' relative to Cs13 for each

of the 28 laboratory fractionated samples are given in Table 3.4i.

The data in Table 3.3 are based on gamas spectrometric

measurements, supplemented by radiochemical analysis for

calibration purposes.

In Table 3.3 the column headings refer to the time

the debris was alloyed to settle in the benzene column prior

to decantation and filtration (see Section 2.14.1 for details).

The approximate cut-ott diameters of the particles, in microns

for each of the seven fractions are listed in Table 3A.

The cut-off diameters in the cloud have been estimated,

assuming a cloud top of 15,000 feet, for several values of

particle density, at the sulIng time JA pietism (Twoe 8,5).
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Table 3.3 reveals a systematic fractionation of fission

product R values with particle size. In general, there is

a rough constancy in radiochemical composition between particles

of 18 microns or smaller, although there is a tendency for

Cs137 enrichment relative to Zr9 5 and Cel" in the smallest

particles, especially at the highest altitude. Particles

in excess of 18 microns are highly enriched in Zr
9 5 and Ce144

106 13Tand to a less marked degree, in Ru all relative to Cs

Figure 3.2 portrays the calculated particle size separations

achieved by the benzene fractionation procedure. The figure

gives the percent of particles of a given size in the original

cloud sample for each of the seven settling times. These *(D)

functions, when multiplied by the particle size distribution

characteristic of the cloud at time of sampling (F(D)), give

the particle size distributions of each of the settled

fractions, F'(D). Thus,

F'(D) *(D).F(D)

Use of the #(D) functions will be discussed in Section 4.3.

3.2.3 Percentage Distribution of Radionuclides with

Particle Size. In Table 3.6 are summarized the percentages

of each of four radioisotopes in the 28 laboratory-fractionated

saples. Them data are relevant to the partition betwoen short and

longer term fallout of refractory, volatile and intermediate fissiou product

isotopes.
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3.3 PARTICLE SIZE DISTRIBUTION OF CLOUD SAM4PLES

The gross particle size distribution of the cloud samples

was determined in two independent manners by optical micros-

copy. Specimens of 11K and 14K debris obtained by ashing of

the filter paper were sized directly. The curves obtained are

illustrated in Figures 3.3 and 3.4, drawn through the circled

points. The two curves are essentially superposable, as is

to be expected if the cloud was initially well mixed, and the

range of comparison is restrictedlo diameters below the cut-

off values (72 and 137 microns, respectively). The size

distribution function, F(D) )fits the data rather well over the

range 2 to 60 microns with the form:

F(D) K.D- 2 9 5

The second method involved sizing a portion of each of

the seven fractions obtained by sedimentation in benzene. Only

the 9.5K and 14K samples were treated in this manner. At

each altitude, seven F'(D) distributions were obtained. *(D)

values (Figure 3.2) appropriate to each settled fraction were

applied to the F'(D) distributions to obtain F(D) over a

portion of the particle size spectrum. The various segments

of the distribution were spliced in over-lapping regions to

give the curves drawn through the triangular points in
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Figures 3.3 and 3.4.. The synthetic method gives a distribution

that can be reasonably well 'fit by:

F(D) r.732

3.3.1 Validity of Particle. Sising and. Fractionation Mtdu

With the exception of the larger number of smaller particles

observed below ten microns by the synthetic method, the two

approaches are in satisfactory agreement. There in a good

basis for preferring the form of the curve given by the

* synthetic method at small diamseters. The slopes of the

F'(D)/#(D) curves obtained from the 120m, 60mjand 30m fractions

were significantly steeper than the slope observed in the

* gross sample over the 1 to 18 micron range. In general, the

optical microscopy method, and the method used in dispersing

the particles for counting tend to discriminate against the

smaler sizes when many large particles are present. The

low diameter cut-off fractions were free of this problem.

In any event, the mass or volume calculations are little

affected by a higher frequency of very small, particles.

The area calculations are morea sensitive to the for* at lower

dimaters however, and in Section 4,3 paametric adjustnt

of the form of tbe active particle aise distribution at low

I3
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diameters will be invoked to explain the particle size-

radiochemical composition of the volatile isotopes.

Little if any fragmentation or agglomeration of the large

particles appears to have occurred as a result of the vigorous

stirring in benzene, Judging from the similarity in the form

of the distribution functions from 10 to 60 microns, as given by

the undifferentiated and the benzene sedImented sDecimens.

The very high specific activity of the fine particles,

and the marked difference in radiochemical composition oetween

the fine and larger particles argue against attributing the

steeper form of F(D) in the synthetic samples to fragmenta-

tion. (See Section 3.4 below, on specific activity considerations).

3.3.2 Size Distribution of Regulars and Spheres. Fewer

than 1% of the observed particles could be identified as

spheres or fused droplets. Because of the intrinsic interest

in the spheres, the size distrioution of the spheres was

independently determined. The results are summarized

graphically in Figure 3.5 where the percentage less than

the stated size is plotted against the logarithm of the

diameter. The distributions are approximately log normal in

form, as predicted by Stewart (Reference 10) for the orimar7

debris condensate, in contradistinction to the irregular

particles in the cloud over the optical range. p"ble 3.7

gives the geometric mean diameter (Dg) and Peometric standard

deviation (a ) of the distributions.
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The similarities between the 11K and 14K total samDles may be

noted. The smaller standard deviation of the 14K sample may

be attributable to the lower cut-off diameter (72 versus 137

microns). In fact, the largest particles observed In the 14K

and 11K samples, respectively, were 80 and 113 microns.

The form of the size distribution for the spheres

can oe described as:

1 (lo , - log ))

F(D) (2i 1p o a (-

13.3 Modification of Cloud Distribution X Fallout.

Because of the time intervening between cloud stabilization

(to ) and sampling (ts ) tne origin-l particle size distribu-

tion F(D) will have been modified by gravitational settling.

Assuming a uniform distrioution at to, and a cloud column of

height H, measured from the, cloud top, the traction of particles

of size D remaining in the column Ii after time t has elapsed is:

- 02 t
7 mE

The fraction falling out is KD2 t/I (Table 3.8). If the Particle donMA1i

is 2.5 g/cm3 , D is in microns, and a shape factor of 0.65 is

used to allow for the modified fall rate of randomly shaped particles of

effective diameter D, the constant K i 0.57 ft/hr for a unit diameter

particle. Table 3.8 gives the fraction of particles of various ises re-

maining in the cloud at to 4 20 Unutes, aumig the cloud top Is 15K

and the bottom is 9K.
37
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While this is the hypothetical situation obtaining in the cloud

as a whole, the situation at a given altitude is somewhat simpler.

In a settling medium without turbulence, all particles of the

same size vill fall with the same velocity. Thus, at a given

level the concentration of paiticles in all size groups will

remain constant if D is less than the cut-off value Dw(KH/t)

Above this size no particles of the original distribution

will be found. The approximate cut-off sizes given in

Table 3.5 were verified, in reasonable approximation, oy

microscopic examination of the debris. A density of 2.5

gives a fair fit.

In this simplified picture, the radiochemical composition

differences between the 14K and 11K samples are those due

to the particle size fraction ranging from 72 to 137 microns.

The 9.5K and 11K samples, since they have similar cut-offs,

132 and 137 microns, should be quite similar in composition.

In fact, the 13. sample gives evidence of somewhat finer

debris. Interpretation of the sample obtained by penetrating

12K at H+48 and at 13.5-14K at H+54 is less clear cut. This

sample contains a higher percentage of volatiles than at 11K

but a smaller percentage than at 14K, despite the fact

that the cut-off at 13.5K is estimated to be 49 microns.

The assumptions of an initial uniform cloud, topping at 15K,

are of course, unsubstantiated by any direct data
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3.1 SPECIFIC ACTIVITY OF CLOUD SAJPI/S WITH PARTICLE SIZE.

Specific activities ($i), expressed as isotope fissions

per gram of particulate fallout were obtained in separate

benzene sedimentation experiments, using the 11K and 14K samples.

Disagreements between the internal radiochemical composition

of Table 3.9 with those in Tables 3.3 and 3.6 reflect the

failure of the two independent settling experiments to yield

completely reproducible results.

A few spheres were isolated in the 46 to 10I-micron size

range and counted on the low beta background system. The S 1 h

values observed ranged from 1.5 x 101. F1 44 /gm to 6.5 x 1014

F13 . 1 /gm. The fission product activity in these particles, me.asured

about two years after to, was predominately Cel1 .  The range

of specific activities quoted above was based on the hard

component of the Cel 1-Pr1 1 beta absorption curve. Further

work is needed to confirm the radioactive content of these

microspheres. The very high F 1 1/gm is 3 to 10 times that found

in other cloud and fallout samples and calls for verification.
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3.5 SPE~CIFIC ACTIVITY OF GROUND FALLOUT SAMPLES

3.5.1 -NRDL Measurements. A very extensive set of-radio-

* chemically determined ipeciffi actitie. Is reported in Reference 9. The

most relevant are those measured in the fUllout along the h6t-line. Lower

specific activity samples are generally found off the -hat-line

and are likely to represent higher a4pixtures of iniert throw-

* out. The data awatarised in Table 3.10 represent, in our

judgment, the specific activity of the bualk of the prompt

fallout, expressed in equivalent fissions per gram of Zr 95 ,

Sr8 , Sr9 0 , and,.Y9 .. The columns are: IiRDL sample number,

distance, fissions per square foot, and 8i. Parenthesized

numbers are powers of ton.

In comparing these average numbers with the cloud values in

Table 3.9, the 88 values can 'be considered roughly equivalent :to'

the S 3 (Br89 mid Cs1 3 7 are about equally volatile). d6

has a volatility character similar to 5r~o. it Is to be noted

that there Is little difterence betiveen 59 in the 1)4K cloud

and the fallout samples, whereas the CnI specific activity in

the cloud is about 170 time higher than its equivalent, r9

In the fallout (Sr 89 /C@1 37 in prompt falloUt %1).

3.5 j ArME BUecific Acitivity Eld Partile Sin.

Reference 9 reports a large volume of dUIan the relationship

of specific activity and particl ese. In Table 3.11 we

tabulate the appemswke veau of s q4 q pst"



and the median activity diamctcr of a set of fallout samples.

Asterisked sanles refer to those along the hot-line. The

values were obtained fron Taole 3.3' of Reference 9 by Inter-

polating to obtain the aproximate diameter representin, 50%

of the cumulative mass or activity.

In general, the activity distribution was peaked toward the

larger particles. Station llA07 experienced the heaviest

fallout, and the distribution was apparently more uniform in

samples along the hot-line. The preshot soil sawle had a

median mass diameter of about 124 microns (Reference 9).

In the prompt fallout there is not a strong correlation

between radiocheoical composition and particle size, although

* there is a slight tendency for enrichment of volatile isotopes

relative to refractories in the less than 44 micron fraction

(See Table 3.15, Reference 9).

3.5.3_ Specific ActivitY of Pused A&omerates. We have

determined Fl4/gm of 24 lava particles taken along the not-

line between 3500 and 500 feet. These particles were in the

500 to 1,200 micron interval. Their description ranged from

spheres to pallets and irregular lava-like masses. The

average value of SI14 obtained was 1.88 x 1014.

3144/8137 varied systematically from 700 to 1,500 YArds. lMMatg

by a factor of 1.65 over this distance.
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The average Sl14 of these fused masses is about 3.3

times higher than S9 5 (and therefore, Sl14) reported in

Table 3.10 and represents a very efficient incorporation of

refractory fission products into volatilized or fused soil.

3.5.4 Radiochemical Composition of Ground Fallout. As in

the case of the cloud samples an estimate will be made of the

average radiochemical composition of the promyt fallout. Data

for Zr9 5 , Sr 8 9 0, sO and Y were taken from Table 3.10

and represent the weighted averages found along the hot-line.

The average of 11 Ce 14/Zr95 and Mo99/Zr95 samples in the

prompt fallout showed a standard deviation of less than 10%

and was, within the standard deviation, eaual to values reported

in Reference 9 for the cloud samples. Hencc it appears that Mo9 9

and Celh4 as reported by Tracerlao are systematically nigh with

respect to Zr 9 5 by factors of 1.15 and 1.22 respectively. In

Table 3.1, cloud R values for Mo 9 9 , Zr 95 and Cel14 are all

very close to 1.00. Material balance does not permit Mo 9 9 /Zr 9 5

values in excess of 1 in both cloud andprompt fallout samples.

Accordingly, in the final tabulation to follow, in the interest

of consistency we have reduced the Zr9 5 ratios by a factor of

1.15, in the prompt fallout.
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Most of the analyses for other isotopes reported in

Tables 3.14, 3.15, and 3.16 of Reference 9 were perfomed on

samples somewhat off the hot-line. To estimate the values

in the hot-line samples of such species as 1131, Te 1 3 2 , CS13 6 ,

Cs1 3 T, Bal 0 and Ce1 , Ri, were plotted against R8 9 9 5 ,

and values were selected for N,95 when R89S95 a .0317,

the weighted hot-line value for 5r89 /Zr 9 5 . C81 37 , Ru10 -

and Ru1 0 6 were taken as the average of the three OlAOT samples,

normalized to Sr 89 /Zr 9 5 a .0317. The R value plots appear

in Figures 3.6a and 3.6b, and the selected values for the

weighted isotopic content of the prompt fallout with respect

to Zr95are given in Table 3.12.

R values have been estimated also for R 89,95

from the fractionation plots (Figures 3.6a and 3.6b). These

B values will be used in Section 4.2 to describe the fallout

camposition between 6 mad 20 minutes.
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TADLI 1,1 DtTZUNIY PROFINUI) CLOUD

Altitude (Kft) znte.sitr

9.5 1.00

10.0 1.53

10,5 #,9

11.5 3.69

12.0 4.47

12.5 5.26

13.0 6.30

13.5 7.19

14.0 8.62

TAWl 3.2 I VALUE MWAM OF CLOW WIATIYZ TO Sr 89

9.5K UK 13.5K 14K AveR

sr9 0  0.97 0.95 0.96 1.00 0.97

Y91 0.89 0.75 0.66 o.6. 0.70

zr9 5 0.64 0.53 0.28 0.173 0.292

M099  0.65 0.51 0.29 0.167 0.29

Sn125 1.02 1.01 0.93 0.89 0.92

Te 12 9 a 0.95 0.91 0.98 0.76 0.82

Te132 0.91 0.91 1.07 0.81 0.86

Cs1 37  1.02 1.01 1.08 1.07 1.05

01o o.88 0.87 0.82 o.66 o.77

Ce1 1  0.99 0.79 0.63 0.18 0.62

Prl-43  0.58 0.12 0.30 0.178 0.29

C0144 0.62 0.52 0.23 0.170 0.29

Ndlh r  0.59 0.42 0.24 0.154 0.26
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7,

TABLE 3.8 RAIOCHEMICAL COMPO6IThMN AND PARTICLE 8153

es la 5m ia 30a 60a 120

9.5K 3.1 0.62 0.16 0.32 0.26 0.23 0.19

111 2.5 0.59 0.31 0.24 0.20 0.20 0.19

13.5K 0.78 0.4.5 0.20 0.16 0.13 0.1. 0.12

i.3 0.26 6.24 0.1 0.095 0.084 0073

R1 44 . 137

9.5K 3.1. 0.66 0.39 0.27 0.23 0.22 0.20

11K 2.5 0.61 0.31 0.23 0.21 0.21 0.17

13.5K 0.84 0.145 0.18 0.15 0.13 0.12 0.12
14K 1.2 0.32, 0.21 0.084 0.11 0.089 0.081

R1o6.137

9.5K 1.5 1.1 0.78 0.79 0.59 0.6 0.19

li 1.5 0.97 0.90 0.51 o.57 0.60 0.51

13.5K 1.0 0.95 0.58 0.85 0.52 0.66 0.70

l.K 1.8 494 0.79 o,65 0.79 om 0.59
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TABLE 3.4 CUT-OFF DIAMETERS IN MICRONS

Res 1. 35. 60a 120

1370 67 31 18 12.8 9.0 6.4

*The residue contained all particles greater than 67

microns. The cut-off Is determined by the largest

particle that should have been in the cloud at time

of sampling.

TABLE 3.5 CUT-OFF DIAMETERS IN CLOUD

9-5 1C =3.5K l14K

Time 33m 23m 54M 20.

P a 1.50 171 176 61 94

p = 2.00 14a 153 55 81

p " 2.50 132 137 49 72
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mix 3.6 MmPmuau MOTRMoi OF RADZO ON== WIH -S

LEE

a* 63.5 14.9 3.3 4.3 7.A 1.0 5.T

Z95 61.4 4.5 3.9 4.9 8.2 11.6 5.5
0 1e 1.4 4.6 5.2 9.T 19.7 31.1 18.6

h 1° 6 21.2 8.8 5.5 10.3 15.5 26.4 12.3

11K

ce 55.6 11.3 6.1 7.3 T.3 9.0 3.6

zr 95  56.7 10.8 6.1 7.5 6.7 8.T A4.0
0813T 11.8 9.T 10.2 16.6 1T.9 22.3 11.3

R1621 .4 12.7 12.1 11.2 13.5 1T.8 8.1

0. 36.9 24.9 6.5 T.A T. 10.5 6.41

Z"9 5  33.9 24.8 T.4 T.T T.T 12.0 6.7

Co1 3 T 11.3 14.4 9.6 12.9 15.1 22.5 14.2

ih1 06 15.3 18.4 T.5 14.8 10.6 20.0 13.4

114K

Oe1 44 40.3 6.7 6.8 6.6 1T.0 17.0 4.1

r9 5  42.6 5.6 6.8 6.6 17.O 1TO 4.4

Oc1 37  5.6 3.6 4.8 10.7 30.5 34.6 10.3

*a" 3.3.8 4.6 5.1 9.3 32.5 36.4 8.2
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TABLE 3.7 SIZE DISTRIBUTION OF SPHERES

-- ti ... i II~ iiii I iii I IIJMI e

Dg 33.5 33.5 51 11 46

0 1.87 1.45 1.1 1.70 1.39

TABLE 3.8 FRACTION OF PARTICLES LOST BY FALLOUT

10% 1.0%

u 59 35 78 95 ii0 123

60 TO% 8090 100%

u 1314 149 156 165 176
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TABLE 3.9 SPECIFIC ACTIVITY OF CLOUD FRACTIONS

11000 Foot 1400 Foot

Fraction B95 S 10 6  S 1 3 7  8 95 S 10 B

120z 6.1(13) 1.6(14) 2.9(14) 5.1(13) 3.2(14) 4.1(14)

,,S0t 7.9(13) 1.9(14) 3.1(14) 9.1(13), 2.8(14) T.3(14)

30a 5.8(13) 1.2(14) 2.1(14) 8.8(13) 2.9(14) 7.0(14)

153 4.4(13) 9.1(13) 1.6(14) 7.3(13) 2.2(14) 5-7(14)

5a 3.4(13) 5.-5(13) 9.5(13) 5.1(13) 2.3(14) '3.9(14)

la 3.2(13) 2.7(13) 4.0(13) 3.9(13) 9.4(13) 2.2(14)

Rlesidue 3.7(13) 2.1(13) 2.3(13) 4.2(13) 5.1(13) 1.1(14)

Ave. 4.1(13) 5.0(13) T.9(13) 5.5(13) 1.3(14) 3.4(14)

oftIn the above table the parenthiesized m~bers ame piwr

TABLE 3.10 SPECIFIC ACTIVITY OF GROUND FALLOUT

Sample Distance F/ft2  19 S B9 S 9

01*07 1200 ft 7.9(13) 6.1(13) 1.8(12) 5.8(12) 1.9(13)

11*07-04 1342 ft 6.5(15) 5.3(13) 1.9(12) 6.5(12) 3.1(13)

21A03-4 2830 ft 2.7(15) 6.4(13) 2.4(12) 8.3(12) 3.8(13)

31W03 4717 ft 4.5(14) 7.9(13) 3.1(12) 9.0(12) 5.2(13)

Average, veigbted by ?Ift2 5.T(13) 2.1(12) 7.0(02) 3.13)



TABLE 3.11 MEDIAN MASS AND MEDIAN ACTIVITY DIAMETERS

51. 004(Imicroas) XAD(uicrug ) Distance

OA2 220 1.00 1200 ft

02.A03 310 1950 1200 ft

0.A05 350 11450 1200 ft

02AO 1TT 1050 1200 ft

*11AOT-2 >1O00 :01000 1312 ft

12AOT9 210 1550 1312 ft

20A0 67 2830 2400 ft

20A07 250 1000 21.00 ft

2LAO-1 - i0 2830 ft

30AO1-8 70 1250 .000 ft

031A05 710 750 4.717 ft

*32A08 610 T50 4717 ft

*31A05-8 710 810 T.7 ft
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TABLE 3.12 EADKOCHEMICAL COMPOSITION OF PROMPT FALLOUT

Zr 9 5 R' Values

o-6.s 6-20m 0-6. 6-20,

Sr 8 9  0.0317 0.100 1131 0.083 0.95

Sr 9 0  0. 10T 0.40 Te 13 2  0.061 0.59

91 0512 0.82 *C8136 0.49 -

Me99  1.00 1.00 Cs 1 37  0..031 0.35

Zr 5  1.00 1.00 Ba140  0.28 0.67

Ru10 3  0.74 0.95 Ce141 0.46.15 0.83

*Ru 0 6  0.08 0.40 Ce1I4 1.06 1.00

In the above table, asterisked values have been divided by 1.6

to noraalize for their increased yield in bomb spectrum fission..

The values in the table for Sr 89 /Zr9 5 - .0317 are estimated to

be good to 10% for Sr8 9 , Sr9 0 , Y91, 9, Zr95, Ba1,, and Ce 144

and to + 25% of the quoted value tor the remaining isotopes,

unless noted. The values for 8r 89 /Zr95 = 0.1 are considerably

less well established and are based exclusively on the lines

drm throuh the data points of Figures 3S.6 and Sb.
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10.0

SLOPES R 9,9 9

m637C113 7 -.04 1.05
1.0 Ms .97
S 125 412 .065 .12

Cf 6*9 T@13 2 .117 .86
Cr : q*4 T0I29M.160 .82

to Y9 + N140 .20 .77
* TI1  .28 .70

X C8141 .8 .62
C0144 1.00 .29
me"gp 1.00 .29

P Pr143 1.00 .29

M09 d14o N~d147 1.oo .26
c.' 44  U238 2

0.1 Pr1  3 ___________________

0.1R 0
LOG 58

Figure 3. 1 Fractionation plots cloud samples.
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I
CHAPTER 4

INTERPRETATION OF DATA

.I FALLOUT FORMATION TIME AHD RADIOCHEMICAL COMPOSITION

IA provisional attempt has been made to interpret the

fallout sample fractionation plots of the alkaline earths and

Ce The Bolles-Ballou fission chain populations as a

function of time since fission (Reference 12) (or adjusted

values thereof based on revised half lives) were multiplied by

a set of relative attachment coefficients for the several

precursor fission elements. Ri , 9 5 were then calculated versus

time and calculated Ri, 9 5 values were plotted against the

89,95associated R899 numbers. The attachment coefficients (ki)

were chosen to give a consistent and physically reasonable fit

to the experimental data. In this very simple model the ki

were assumed to be time independent. k , kx, kB and k

were taken to be 0, although there is evidence from Csi 3 7 R

value data that kI -0. ksr, , kzr and ka were all taken

to be 1.00. The observed fit was obtained by using kRb 0.22

and kcs .0.15. In principle, R136 95should be used for kcs,

since Cs1 36 is independently formsed In fission. However,

the Cs1 3 6 data do not meet the mass balance criterion for clou_

and fallout smples and are suspected of beng too high.
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The experimental Ri, 9 5 values deducible from the data

reported in Tables 3.15 and 3.16 of Reference 9 were plotted against

the appropriate values of R89,95. A comparison of the calculated

and the experimental data is shown in Figure 4.1. The system-

atization achieved is satisfactory considering the gross

simplicity of our assumptions. The results suggest that the

time required to form a segment of the fallout cloud may be

equally relevant to the interpretation of fallout plots as is

the concept of surface versus volume incorporation.

One anomaly deserves mention. The excellent fit given

by Y91 in Figure 4.1 holds only for samples off the lallout

hot-line. Samples 11, 21, and 31 along the hot-line had

Y9 1 /Zr95 ratios approximately 1.5 times higher than expected

for the associated Sr 89/Zr9 5 and Sr90/Zr9 5 values. The

fallout required 1.5 m, 3.3 ma and 6 m, respectively to reach

the ground at 1342, 2830) and 4717 feet from ground zero (Reference 9).

As the particles proceed downwind, the proportion of lio and

Sr in the vapor phase increases, and surface attachment should

thereby be favored for particles still in contact with the

vapor. However, to explain the Sr 8 9 and Sr 9 0 ratios to Zr 9 5

in these samples it must be assamed that kSr increases with

respect to k b as the cloud passes downwind. A subsequent

addendum to this report will attempt to treat these and the

remaining isotope data in a mOre quamitatv fashlon.



6.2 PARTITION OF I30TOPE ACTIVITY BETWEEN CLOUD AND FALLOUT

Applying the constraint that Ri, 9 5 = 1.00 for all fission

product isotopes as formed, it follows that:

F9 5 (fallout) fi, 9 5 (cloud) - 1
F95 (cloud) 1 - W ,9 5 (fallout)

Two extreme isotopes, Sr89 and Zr9 5, form the basis of the

partition calculation. R89 , 9 5 (cloud) has been established

as 3.43 (see Table 3.2). The value of R 89 9 5 (fallout) remain$

to be determined.

The average radiochemical composition of the prompt

fallout given in Table 3.12 pertains to the material that had

fallen on the ground within six minutes. The Sr 89 /Zr 9 5 of

this component is 0.0317. An analysis of the fallout contours

reported in Reference 11 suggests that approximately 25 percent

of the fallout occurring between 0 to 20 minutes took place

between 6 to 20 minutes. Thus, the appropriate value of

%9, 9 5 (fallout) to use in the above equation is:

K8 9 , 9 5 (Fallout) *0.75 x0.032 +0.25(R 8 9 , 9 5 , 6 to 20 mlin)

Unfortunately we have no direct measurements to suggest the

value of R89.95 in the 6 to 20 minute faUllout. However, the bulk

of the fallout in this interval was in the 150 to 400 micron

size rap. The data reported in Reference 9 give no evidioe that
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material in this size range along the hot-lineia significantly

different in comosition from the larger particles representing

the bulk of the depodited muas. An upper limit of R89,95 .0.3

can be established with reference to the composition of the

residue fraction found at 9.5K 33 minutes after to  (Table 3.3).

On this basis, F95 (fallout)/F.5 (cloud) a 2.72, asqpposed to 2.50,

obtained when R89 ,9 5 =0.0317 is used. Thus, the result is

insensitive to R89 ,9 5 (fallout) and for either situation the

fraction of Zr 9 5 in the fallout is 72+1%. However, the Sr 8 9

in the fallout for thesetwo cases is changed from 1.4% to 2.3%.

These differences will affect only to a small degree the

calculated partition of all other isotopes if the set of

cloud analyses is used for the calculation. The average R89

values are given in Table 3.2 for the cloud samples. The

percentage of any isotope remaining in the cloud is merely:

%i (Cloud) * 1189 x % Sr 89 (Cloud)

If the set of fallout analyses is used to calculate the

partition, the result is very sensitive to the choice of

Sr 8 9 /Zr 9 5 in the 6 to 20-minute fraUtion of the fallout. This

arises because of the steep slopes of the fractionation

plots (Figures 3.6a and 3.6b). A trial calculation indicates

that Sr 89/Zr95 of about 0.1 for th 6to 20-mnut oompont of

the fallout (and the associated 1,95) values taken from the

fractlaomtion plfts at 8 0 0.1) gives areasoa able agreement

899
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between the isotopes analyzed for in common in both cloud and

ground fallout samples. In Table 4.l the results of the partition

calculations are given for T 89 , 9 5 (fallout) - 0.0317 and 0.0488.

The latter value was composited from 75 of 0.032 and 25% of 0.10.

TABLE 4.1 PARTITION OF ISOTOPE ACTIVITY BETWEEN CLOUD AND FALLOUT

Fallout Analysis Cloud Analysis

Isotope 189,95=.0317 R89,950.0488 R89 ,95-.031T R89 ,9 5 -.O488

89
Srgo 0.023 0.035 0.977 0.965
Sr9 1  0.08 0.13 0.9 0.93
Y 0.37 0.4,2 0.69 0.67
Mo95  0. 72 0. 72 0.29 0.28
Zr1 0 3  0.72 0.716 0.285 0.284
_106 0.51 0.56 - -

Ru125 0.05 012 - -
Sn12 m - - 0.91 0.90
Te. - .86 0679

132 0.07 0.21 - -

T37 0.05 0.14 0.88 0.82
Cs 1 4 0  0.05 0.08 098 1.00
Ba 1. 1  0.20 0.27 0.80 0672
S1 43 0.42 0.34 0.61 0.60
Pr 1 4 4  - - 0.29 028

147 0.76 0675 0.29 0.28
Md - - 0.26 0.25

The analysis fields reasonably consistent results. The data

derived for R8 9 ,95 = 0.0488 probably describe the partition to

a good approximation.

4.2.1 Partition of Debris Mass Between Cloud and Surface.

The average specific activity based on Zr9 5 of the 20 to 30-minute

minute cloud sample is 5 x 1013 fissions per gram. This cloud

contains 29% of the Z19 5 produced, or 0.142 kt. There are

1.4 x 1023 fissions/lt. It follows that the total mass

debris in the cloud is 100 tons.

63

SECRET



The wass of prompt fallout is at least 400 x (0.715/0.185)-

1,000 tons. This follows because S95 in the cloud and in the

intense prompt fallout is nearly identical. A higher total

number than 1,000 tons for all fallout is indicated because

throwout away from the hot-line has a lower average specific

activity than the hot-line weighted average calculated in

Table 3.10. The correct value for the total mass of prompt

fallout is (000/) 5 x 1013, where S is the truly weighted

average 8 over the entire fallout grid.
* 95

4.3 SPECIFIC ACTIVITY AND MSS DISTRIBUTION MODEL

The data in Tables 3.6 and 3.9 provide the basis for

testing a specific activity model in which activity is

related to some power of the diameter. Thus, if F(D) is the

particle size distribution at a given altitude, then Dn.F(D)

will represent the activity distributions as a function of

particle size if n is properly chosen for each isotopic

species. The mass distribution should be described by n = 3.0.

If further, n can be related to the slopes of the fractiona-

tion plot as tabulated in Figure 3.2, a quite general description

of the system can be achieved.

4.3.1 Size and Activity Distribution Calculations In

Benuzne Fractious. In the bensm experinnt, 0.8 of the 32.5 as

colum was withdrawn for eoxmnstia aft each of six settling

tls. Sw mei. fts the &-)dmte setA" fftetion ws
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filtered directly., A Stokes law sedimentation rate vas

assumed, using particle and benzene densities of 2.50 and

3
0.88 g/cm , respectively. The viscocity of benzene van

6.5 x l0 3 poise. The rate of fall of irregularly shaped

particles vas taken to be 0.65 that of equivalent spheres.

For these conditions, the fall rate for a 1-micron diameter

particle is 8.7 x 10- 5 cm/sec.

If fi is the fraction of the original number of particles

of size D available at the beginning of each sequential

sedimentation, a function #i(D) is defined for each of the six

sediventations, of the form:

i(D) f 1(.
8 x 32.5 -8. x 0 5D2t)(4.1

where D is the statistical diameter of the irregular particle,

in microns, and t is the settling time in seconds. The *i(D)

functions obtained by this analysis are plotted in Figure 3.2.

Experimntally, the particle aise distribution F(D) vas

established to be of the form K/Dr from 1 to 60 microns.

distribution functions in P are, therefore,

\tD-) MD.Y(D) .(If-a (4.2)
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.n' has a preferred value of 3.25. Since in Table 3.6 the

Cs1 3 T and Ru1o6 always exhibit their maximum percentages in

the 60-minute fraction rather than the 120-minute fraction,

we explored the possibility that the active particle size

distribution might have a maximum in the vicinity of 1 micron

and fall off at lower values. Accordingly, a number median

diameter D of 0.5, 1, 2,and 3 microns was employed, with

symmetrical size distribution rimctions of the form:

K1D3 .2 5 (0 to Dg) and K2D-3"25 (D to cut-off) (4.3)

The ratio K1 /K2 required to normalize the number distribution

was calculated for each value of D by setting

K1/K2 IDgD3.2 a fD32 (4.4)

The distribution functions for various values of n are:

K/K 2 fDgD3"25dD + fDD-3.25dD5

0 Dg

In Equation 4.5 the integration limit Dg is the assumed

maximum in the size distribution, D is the cut-off value in
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the cloud at the time and altitude of sampling. The adOption

Of Dg between 0.5 and 3 microns places 1 to 12 percent of the aotivity

below Dg. The calculations were also performed with a lower

integration limit of zero (no maximu=).

The results of these calculations are tabulated in

Appendix C. Mention will be made here of the differences

between two independent settling experiments conducted with

the 11K and 14K debris. The data in Table 3.6 were obtained

using analytical grade benzene. Those in Table 3.9 were

obtained in a later experiment with a lower grade benzene.

Separations were less clean, as was evidenced by adherence

of particles to the vessel wall. Unfortunately, weight

percents corresponding to the activity percents reported in

Table 3.6 were not recorded. In the succeeding discussion

data for the second experiment will be also used, since the

mass percentages in each fraction are available. However,

we believe that Table 3.6 represents a better description of

nuclide activity in the first five, and in the sixth and seventh

particle size fractions and the comparisons with the calculatiofs

in Appendix C will be used as a basis for choosing the best

values of n to describe the distribution of activity with

size of Zr 9 5 , Ce 1 44, Rul0 and C81 3 T . (The separations achieved

between the one-minute settling and the residu fration were

highly variable and technique dependent).
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Calculated and observed mass and isotopic distributions

Jbr the ilK and 14K debris, as found in the second experiment,

are given in Table 4.2. The data are best fit using a Dcut.off U

100 microns for IlK and 76 microns at 14K. There is little

difference resulting from the choice of a lover limit of Integra-

tion of zero, with no maximus, or Dg "O.5 micron.

The data of Table 3.6 give a different picture for the Cs 3 7

and Rul 0 6 distributions, with values of n being%.2 unit lover.

In Table 4.3, the choice of n was largely dictated by
the fit observed in the combined and 1-minute fractions. D was

g
taken as0.5 micron. The cut-offs assumed at 9.5K, 11K, 13.5K)
and I4K were, respectively, 137, 120, 76) and 76-Acrons,

respectively. These values differ somewhat from those given

in Table 3.5. The proper choice of the cut-off value in the

13.5 sample is particularly ambiguous, since sampling was

conckcted at 12K and at 13.5 through 14K. (In Table 4.2 a value of

100 microns for the 11K samples was shown to give the best

fit.) In Table 4.3 the comparison between calculated and

observed values for Zr 9 5 are applicable as well to Ce 14 .

he following conclusions can be drawn:

(1) The agreement is not good for fitting the percentages

of Cs 1 3 7 and RU1 06 in the 120-minute, 6 0-uinutea and 30-minute

fractions for OW ohoLoe or D, Do or, or a. Too moh
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activity is alwas placed in the 120-minute fraction. The
best fits for the distributions of Cs1 37 sad Ru106 in the

courser fractions (5 minute, 1 minute, and residue, with

cut-offs greater than 18 microns) is given for n a 1.9 - 2.2

for Cs1 37 and 2.2 - 2.4 for Ru1 6 These choices of n give

the observed partition of Cs137 and Ru106 between particles

less than 18 and greater than 18 microns, to good approxima-
tion. A reasonable explanation for the distribution of these

isotopes in the smaller size fractions may be that Cs1
37

lo6(and to a lesser degree Ru 0 ) distribute themselves with

variable n over the particle size range and that the maximum

in the active particle frequency function is indeed shifted

to values in excess of 5 microns. Further analysis will be

required to clarify this point. Many of the inconsistencies

noted in comparing Tables 4.2 and 4.3 are unquestionably due

to limitations in reproducing clean-cut separations experimentally.

Another ambiguity arises from the proper choice of cut-off

diameters at the sampling altitudes in question. However, for

purposes of deducing values of n appropriate to partitioning the

cloud debris between nuclide activity in fractions less thn and

greater than 18 microns, and for deriving a relationship

between the slopes of the cloud fractionation plots and n,

it suffices to use n values which fit the courser fractions.

Thus, n u 2.00 will fit Cs
1 37 and n 2.25 Ru106.
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(2) A fair fit can be achieved for the mass distribution

with n=3. This confirms the choice of F(D) = K/D3 "2 5 as

a good description of the particle size distribution at all

altitudes out to the cut-off values.

(3) The distribution of Zr9 5 and Ce 1  is rather well

accommodated by n a 2.8+.1 in all courser fractions. (The

1-minute fractions at 9.5K and 14K in Table 4.3 are notable

exceptions). The agreement is fair even in the smaller size

fractions, although again the 120-minute fraction as calculated

is usually too high.

4.3.2 The n Parameter and the Slope of Fractionation Plots.

The n parameter varies between 2.0 and 2.8 for the isotopes

exhibiting extreme fractionation behavior, Cs1 3 7 and Zr 9 5 .

The slopes of the fractionation plots of Figure 3.1 vary from

-0.04 to 1.0, or 0.8n units per 1.04 slope units. In Table 4.4

are listed the slopes and corresponding interpolated n values.

4.4 PARTITION BETWEEN INTERMEDIATE AND DISTANT FALLOUT

Sufficient facts are at hand to establish the ultimate

fate of the radioactive and inert components of the 20-minute
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cloud, given the meteorological conditions. These facts are:

(1) The total mass of airborne debris, its particle

size distribution and its variation with altitude.

(2) The cloud inventory of 17 fission product radio-

isotopes and the variation in radiochemical composition and

concentration with altitude.

(3) The relationship between particle size and radio-

chemical composition as given by the n values in Table 4.4.

This problem will not be treated comprehensively. Only

the salient points will be indicated.

4.4.1 Cloud Fallout of Debris and Radioactive Isotopes

in Greater than 18 Micron Fraction. Material residing in

particles larger than 18 microns diameter will have fallen

to sea level in from 52 to 76 hours. This component of the

cloud, which mayr be termed intermediate, will now be estimated.

The specific activity of the refractory isotopes Mo9 9 ,

Zr 9 5 , Cl144 and other rare earths are reasonably constant

in the cloud debris as a function of altitude. S 4 I.1 x 1013
95

F/pa at 11K and 5.5 x 1013 F/gm at 14K. Thus, both the debris

and isotopes can be treated together in good approximation.

Accordingly we will assume a particle size distribution for

the whole cloud of the form K/D 3 . 2 5 with a out-off at 100 irons.
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This cut-off value is intermediate between the values obtaining

for the top and bottom of the cloud. In any event, the results

are relatively insensitive to the cut-off diameter adopted,

as the calculations in Appendix C illustrate.

Thus, the fraction of isotope or mass falling out associated

with particles greater than 18 microns is:

flO0 Dn-3. 2 5 dD

On 18

fl00 )n_3.25dD  (4.6)
0

where n is the value listed in Table 4.4.

In Table 4.5, Column 1 is the percent of cloud isotopic

activities associated with particle sizes greater than 18

microns obtained from Equation 4.6. Column 2 is the percent

of the total isotope made by the device residing in cloud

particles greater than 18 microns. Column 3 is the percent

of the total isotope made by the device residing in cloud

particles less than 18 microns. It represents the material

available for long range fallout, capable of being transported

to great distances.
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The calculated mass in cloud partiles greater thian 18 amierom

Is T3.,5%. Hence, the absolute mass in this sise range is

4O, x .7M- 294 tons. The choice. of a lower cut-off

diaeter would tend to raise somehat the figures in the

final. coum.

Fbr comparison we give the observed percentages of total

activities in. the 5m, lm) and residue ractiou s, corresponding

roughly to >28 m ern particles, takm f Table 3.9.

9.5K 11K 12-134K 14x

Cs1 37  21.2 31.7 35.3 14.0

Ru106 35•5 49.5 41.2 23.5

Zr 9  69.8 73.6 66.1 55.0

Ce' 71.7 73.0 68.3 52.8

If these values are weighted by the intensity profile

given in Table 3.1 to, represent the average composition in

the cloud the results are in fair, ageemmnt with Colwm 1,

Table 1&.5.

C8137 24.1

RuI06 33.8

Zr95 62.6
e 14462.2

71

A SEClItT



4.5 PARTICLE SIZE AND MASS FREQUENCY CURVES FOR THE EVENT

The salient features of the particle size and mass

frequency curves for the event can be deduced from a synthesis

of NRDL and our data. A crude normalization might be provided

by using the fact that there are approximately 400 tons of

debris in the 20-minute cloud and of the order of ;000 tons

of high specific activity prompt fallout.

The particle size distribution found in the 20-minute

cloud appears to be given Oy K/D+3 "25 to good approximation

between 1 micron and the cloud cut-offs (100 to 160 microns).

This implies a mass distribution as D70,25 in the cloud.

The NRDL data (see summary in Table 3.11) exhibit a median

mass diameter of 700 to 1,000 microns in the more intense

fallout (it is lower elsewhere) and a median activity diameter

(MAI1) 04MmWI I M' IMtm NHIM41 h, !4P4tJ, tWlNNW41 t Ittj 1 11 .r t0t fill

observed that the fraction of radioactive particles increases

with size in the fallout, being about 25 to 50 percent in the larger

size fractions (>200u). This finding is in accord with our

observation that the mean specific activity of the prompt

fallout S95 = 5.7 x 10 13, whereas the specific activity of

the lava particles, which represent the main active component,

is 1.88 x 1014 or approximately three times higher. Further,

the specific activity of lava particles is reasonably constant.
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The question of selecting a particle-size distributiou

for the event has not been studied in detail, but it is

evident that the active mass distribution, over the entire

particle size range in the fallout samples)is relatively

flat, i.e., dM/dD %constant to within a factor of 5, and

the particle size distribution is therefore crudely of the

form k/D3. While these conclusions are of qualitative worth

at best and although Johnie Boy is probably an atypical case,

they suggest the inadequacy of a monomodal, log-normal

particle size distribution peaking at 120 microns, such as

is used in some current fallout models. 'The rather good

agreement between the predicted and observed fallout patterns,

as reported in Reference 9, is somewhat fortuitous, since the

particle-size distribution used in the model bears little

relationship to that which actually characterized the event.

14.6 SPECIFIC ACTIVITY AND ENERGY COUPLING

In a situation wherein the energy of the device is

effectively coupled with the soil environment, the specific

activities of refractory isotopes should be fairly uniform

in both cloud and fallout debris. This is the case in Johnie

Boy. However, the average 895 of about 5 x 1013 Fgm found

both in cloud and intense fallout samples is only about 15%

of the value expected if fission zirconium were uniformly
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incorporated' in volatilized and recondensed soil. The lava-

like particles found on the hot-line, and exhibiting S95

values of 2 x 1013 F/gm on the average, with one as high as

2.8 x 10 1, meet the criterion of efficient incorporation. This

suggests that the agreement between cloud and fallout $95

may be an irrelevant fortuity. Bcth phases were diluted

about seven-fold with inert material. (Dilution factors

off the hot-line were, of course, much greater). In fact,

S95 values in the cloud samples are a factor of two nigner in

the small than the lar&re particles (see Table 3.9). The

drop.-off of S,., in the smallest particle size fraction in the

cloud is attributed to the high preshot atmospheric dust

content blank.

As energy coupling with the environment decreases, the

fraction of fused and volatilized soil mass decreases.

However, considerable masses of inert materials may still be

moved. (Compare Jangle S with Jangle U). While the average

specific activity for the event must be higher than for the

more efficiently coupled case, and the average specific activity

for the persistent cloud debris must certainly be higher,

the prompt and long-term fallout may exhibit a wide

spectrum of values, above and below 3 x 1014 F9 5 /gm. This

interesting point, relating to the scaling of surface burst
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phenomenolog, calls for a reexamination of past data. A

first step is to exeamine the relationships between moved

mass and volatilized mass as they relate to yield and to

condition of burst.

The specific activity of volatile isotope chains (Sr89

Cs1 37 , BaI)0, S 90, Y91 , Clel 1131, Tol32) in the fallout

and cloud samples is obviously related to yield as well as

to energy coupling in any incompletely contained situation.

In the Johnie Boy case coupling was very effective in physically

separating the volatile and refractory chains between fallout

and cloud. The buoyant bubble cooled rapidly (some energy

had been dissipated in soil volatilization), prior to the

growth of chain members of more refractory character. Hence

a physical separation of the main mass of the debris was

achieved from the vapor constituents still rich in the halogens,

rare gases and alkali metals. At higher yields and longer

condensation times, greater fractions of the aforementioned

chains will be incorporated into the larger particles, along

with Zr9 5 and Ce1 4 because more of the chains will exist

as the alkali and alkaline earth metals , at the time the debris

is forming (before it leaves the cloud). This will lead to

a less pronounced partition of volatile chain Isotopes between

persistent cloud and fallout.
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4.7 FRACTIONATION AND PARTITION BETWEEN PROMPT AND LONG RANGE

FALLOUT

The relationship between fallout partition and fractiona-

tion will now be examined. The partition equation, using Zr9
5

as the refractory and Sr 8 9 as the volatile prototypes is:

F9 5(fallout) 8 (cloud) -

F9 5 (cloud) 1 - R8 9 , 9 5 (fallout) (4.7)

This expression is obviously indeterminate when R 8995(cloud)

R89 99 5 (fallout), and it becomes less useful as they approach

each other. A further constraint is that the R89 P9 5 values

be properly weighted averages.

In Johnie Boy the situation was ideal for application

of Equation 4.7. A more interesting use of this tool is

to reexamine cloud and fallout radiochemical data from high-

yield surface bursts with a view to finding a relationship

between partitioning of the isotopes and total yield. For

those cases in which the data are incomplete, but cloud

and fallout samles are still on hand, the techniques used

in this report can be used to establish the relationship

between particle size and the isotopic content of Cs137 ,

Sr90 and Pml1 7 in the cloud samples. These three isotopes
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are typical of volatile, intermediateand refractory chins.

All have half lives suitably long for this aurpme, e twelve

years after the fact.

An important source of relevant information should not

be overlooked. Stratospheric and tropospheric sampling and

analysis programs, such as HASP, especially when conducted

during nuclear testing, can yield information on the isotopic

couDosition of the Dersistent atmosonerie reservoir. If the

13T 90 h
R values of Cs1 , Sr , and Ce attributable to specific

events, or grous of events, are close to their Ltermonuclear

produc.tion ratios, which are "vell estaulished, and the fallout

samples exhibit a significant alteration from normal values,

a rather precise statement of the partition is had.

Implicit in any physical reasoning atta.ched to the use

of Equation 4.7 is that radiochemical composition is related

to particle size. If Cs13 7 and Zr95 were uniformly distributed

in large and small particles alike, there would be no fractiona-

tion nd the equation cannot be used. A critical examination

of thermonuclear fallout data from this point of view is

indicated. As suggested in Bo .6, hi er yields give

longer condensation time ad tbaertiv m uu a rdLo-

cebmical composition.
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4.8 SIGNIFICANCE OF LOGARITHMIC FRACTIONATION CORRELATIONS

In Section h.4 use was made of the slopes of the fraction-

ation plots of the cloud samples to establish a relationship

between particle size and isotopic composition. This procedure

was justified on the demonstrated relationship between particle

size and isotopic composition in the 28 laboratory fractionated

In Section 4.1 the isotopic composition of the prompt

fallout samples was shown to be related in a sem-quantitative

fashion to a time of particle formation . The calculation

introduced no geometric concepts of area or volume, and, in

fact, was found to apply to a group of fallout samples in which

no pronounced relationship between particle size and radio-

chemical constitution exists (see Reference 9).

Further, the cloud and fallout sample data do not form

a continuous set on a fractionation plot. If the cloud data

are extrapolated to R 95,89values characteristic of the fallout

samples, using the slopes observed in the cloud samples,

the fallout composition is not obtained. The inverse

is obviously true for the fallcut samples. A plausible basis

for this result is to be found in Figure 4.1. H1, 9 5 values,

as calculated, are seen to approach a value of 1.00 asymptotically

as Sr89/Zr 9 5 approaches 1. If a straight line extrapolation
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of the sr 9 O/Zr 9 5 data were made by drawing a line through the
r90/Z95

experimental points with a slope of about 1.05, the Sr /Zr

in the cloud sample would be over-estimated by a factor of 4...

While, in the absence of other information, a straight line

can be drawn through the datum points of Figure 4.l and fit

the data better than the theoretical curve with constantly

changing slope, the latter corresponds to a more physically

comprehensible picture and does not lead to unreasonable

values for the extrapolated composition of the cloud samples.

It does, however, leave unanswered the basis for the cloud

fractionation plots (Figure 3.1).

It should be pointed out that there is an element of

arbitrariness in the way the lines are drawn in Figure 3.1.

With the exception of the Ndl4T line, which is drawn parallel

to the Mo9 9 line, the lines were drawn to converge at 1.0.

This is physically reasonable and certainly within the

allowed error in the individual datum points, estimated to

be about 10%. (Our Nd4 T relative counting efficiency is

probably 10% too high.) This arbitrariness does not ff&et

the argument advanced in the preceeding paragraph.

The slopes of the cloud fractionation plots are evidently

directly related to the partition of the individual radio-

isotopes between cloud uad fallout. In fet, the ordinate
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at Rg9,8 9  0.29 is the fraction of the device activity of tne

particular isotope in question which is found in the c0lOud,'

to within a few percent.

We note that by definition, the range of slopes is from,

1 to 0 if the abscissa is chosen as the H value of the most

refractory with respect to the most volatile isotope, and

the ordinate is takern with respect to the volatile archetype.

If an isotope is as volatile as Cs137 it will have a zero

slope; if as refractory as Zr9 5 a unit slope. This fact pro-

vides a convenient basis for assigning to each isotope a

power (2 + n), where n is related to the slope of the fractiona-

tion plot, to describe the relationship between the particle

size and specific activity.

It in evident that a log-normal distribution is not

required to yield a straight line on a logarithmic plot

when activity is incorporated into the particle in accordance

with some pover of the diameter. In the Johnie Boy samples

the power law fit D- 3 "2 5 leads to the same result.

The slopes given In Reference 1 for coral

island surface shots are compared in Table .6.

Recalling that the coral surface slopes of the logaritbeic

fractionation correlations pertain to high-yield bursts,

the higher values of 'the slopes for erg , ts e nd
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are quite reasonable. Condensation times are much longer

than for Johnie Boy. In the instances of chains 90 and 140,

a greater fraction can decay to alkali and alkaline-earth

elements while the cloud is still hot and well mixed, thus

permitting a more uniform incorporation with Zr 9 5 and the

refractory isotopes. The distinctly different behavior

of U238 (reported by Freiling an Np239 ) is most interesting

and may be related to differences in particle matrix

character.

To explain the relationship in the cloud samples between

specific activity and particle size, the surface-to-volume

concept of Freiling has much merit. A comparison of the

calculated percentage of activity of Zr 9 5 and Cel 44 between

the twenty eight benzene fractions vith those recorded in

Table 3.6 reveals that the activity distribution of Zr 9 5

is best fit by a D 2 . 8
-

' 1 relationship. However, a choice of

D3 "0 would place too much of the refractory Isotopes in

the larger sized fractions (,18 microns). 7he close similitude

to volumetric incorporation of Zr 9 5 in the cloud samples may

be Interpreted to argue in favor of the assumption that Zr95

is reasonably uniformly distributed throughout the radioactive

particles. However, two physical factors may be at work to

artefact this behavior. 7he low specific activity of Zr"

(1/5th to 1/Tth that expected for volattlisation of the
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matrix and zirconium incorporation in the condensate) suggests

a primarily surface adherence and subsequent agglomeration of

heated, finer soil particles. Further, the surface-to-weight

ratio for highly irregular particles over the particle size

range in question may lead approximately to the calculated

volume-to-weight ratio of equivalent spheres. From a pragmatic

point of view it suffices to treat the Zr9 5 and its refractory analogues

in this event as exhibiting close to a D3 relationship in

specific activity and to treat C 137 , the most volatile

isotope, as being incorporated am D21, bearing in mind the

inconsistencies produced in the particle fractions <18 microns.

It is tempting to interpret the slopes of the fractiona-

tion plots in terms of the partition of the isotopes

between cloud and fallout for the general case. However, as

a corollary to the discussion in Section 4.7, two facts are

still needed: the percent of the reference isotope

(Zr95 or Sr89 ) in the cloud and the average value of R ,89or R1,95

in the eluid.
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TAWA 4.2 CALCULATEZD AND OM8RVUD ISOTCWIC DISTRINMTOS

*frtton %M D3.0  %Zr95 D2. 8  %C*3T D2-3  %410 D2I

11K

120. 5.20 8.33 10.3 11.1 19.5 1.5.2 17.0 37.2
60a 4.55 4.58 8.7 5.6 17.8 13.8 16.9 12.6
30K 6.20 4.21 8.8 4.6 16.9 6.6 1.5.5 6.7
15A 5.144 4.96 5.8 5.14 10.9 5.1 9.9 5.7
5a 7.31 9.32 6.0 9.6 .8.8 6.14 8.0 Ti
In 25.3 21.8 20.0 20.9 13.0 9.5 13.9 12.6

reidue 144.14 h6.8 WA.1 42.1 13.0 13.0 18.8 17.0

114K

320. 3.34. 9.0 3.1 15.2 I..0 43.5 8.5 36.8
60. 10.3 5.2 17.0 7.5 22.0 114.0 22.6 12.8
30. 8.3 5.0 13.3 6.1 17.1 7.0 18.9 T.2
15. 11.0 6.0 114.6 6.5 18.14 5.6 18.9 6.2
5a 10.9 11.8 .10.2 11.6 12.14 7.1 19.8 8.6

*3m 23.2 28.0 16.14 214.8 15.2 11.2 17.0 114.1
residue 33.1 314.0 25.14 28.0 10.9 11.0 13.2 114.1
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TABU 4. 3 CALJULATZD AND OBSERVED ISOP IC UD TWIONS
(First .ensm Eperiment)

9.5K

Fraction %Zr95 D2 75  C.13T  oo plo6 D2 .25

120m 5.5 10.3 18.6 45.9 12.3 32.160m u1.6 5.5 31.1, 15.5 26.4 12.4
30m 8.2 4.6 19.7 7.6 15.5 7.4
15m 4.9 5.0 9.7 5.4 10.3 6.2
5m 3.9 8.6 5.2 6.2 5.5 8.11. 4.5 17.5 4.6 7.8 8.8 12.0

rsidue 61.4 48.5 u.4 11.6 21.2 21.8

11K

Fraction %Zr9 5  D2 75  %CS137 D2.00 %106 D2.25

120. 4.0 11.1 11.3 46.4 8.1 32.8
60M 8.7 5.9 22.3 15.6 17.8 12.7
30m 6.7 5.0 17.9 7.7 13.5 7.5
15M 7.5 5,4 16.6 5.5 11.2 6.3
5m 6.1 9.2 10.2 6.2 12.4 8.3
i1 10.8 18.8 9.7 7.9 12.7 12.3

residue 56.7 44.8 11.8 10.7 24.4 20.1

12-14K

Fraction z95 075 %C,137  D2 .2 5  % o6 D35

12D& 6.7 14.1 14.2 35.6 13.4 2.6
6a 12.0 7.5 22.5 13.8 20.0 12.2
30. 7.7 6.3 15.1 8.2 10.6 7.9
15M 7.7 6.9 12.9 6.9 14.8 7.1
51 7.4. 11.7 9.6 9.0 7.5 10.0
in 24.9 24.0 14.4 13.3 18.4 16.1

residue 33.9 29.6 11.3 13,2 15.3 17.1

Fraction %Zr9 5  p2 .7 ' %C&137 D,1-88 SR10 ?.25

120. 4.4 14.1 10.3 53.5 8.2 35.6
60m 17.0 T.5 34.6 16.9 26.4 13.8
30a 1T.0 6.3 30.5 7.0 32.5 8.2
15s 6.6 6.9 10.7 5.0 9.3 6.9
1M 6.8 1.T 4.8 5.3 5.1 9.0
is 5.6 23.9 3.6 6.3 4.6 13.3

resueo 2.6 29.6 5.6 5.4 .13.8 13.2

6a
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TALE 4A FR&CTIDNATION SLOPES AND UPAA ETZeR

C 1 3 7  -0.04 2.00

8rS9 0.00 2.03

Sr9 O 0.02 2.06

8"1 2 5  0.07 2.09
TJ*'132 (1131) 0.12 2.13

*129z o.16 2.15

Bl.l 0.20 2.19

a106 0.20 2.19

y 91 0.28 2.25

C)0 141  0.38 2.32

ft 1 0 3  (0.50) 2.4l

M099  1.00 2.80

*5 1.00 2.80
pr13 1.00 2.80

Cal "k  1.00 2.80

Nd1T 1.00 2.80

me values for 113 1 and for R10 3 in t shae table ar esssmm

an the beass of their behavior In the fallout 4ebris. So

interpolated n values should give to a fair degree the

distribution of debris betweem 0 a 18 alams mA trom

16 alams to th ant-ott imimter.
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TABLE 4.5 ISOTOPIC PARTITION BETWEEN LONG RANGE AND
INTERMEDIATE FALLOUT

% Cloud Activity %Total Activity %Total Activity

Isotowe -18m in cloud 3,18y in cloud 418m in cloud

Cs1 37  23 22 78

Sr89  24 24 74

Sr90  26 24 69

on125  27 25 65

Te132 29 26 56

(1131) 29 26 53

Te12 9 m  30 26 53

B&14°  32 26 54

(fRulo 6 ) 32 26 22

y 35 24 43

Cel41  39 24 36

(Rul03) 44 22 22

Mo99  66 19 9

Zr9 5  66 19 9

PrI43 66 19 9

Ce 1 43 66 19 9

Nd12 7 66 19 9

MAs 74 - -

TABLE 4.6 COMPARISON OF CORAL SURFACE AND CONTINENTAL SURFACE
SLOPES

Coral Surface Johnie Boy

S90 0.24 0.02

4o9 9  1.10 1.00

Te132 0.40 0 12

Cs137  -0.03 -0.04

BaI14o0. 37 0.20

Ce 144 0.92 1.00

u2 3 8 1.02 .22
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CHAPTU 5

ccNcwUScss MND MOMMDA.In=

5.1 CONCLUSIOUS

(1) The partition of Johnie Boy debris between prompt

and delayed fallout has been established for 1T radioisotopes.

Subsequent analysis can treat other fission product chains

on an analogical basis.

(2) The radiochemical composition of prompt fallout debris

has been described semi-quantitatively for five fission product

chains using the concept offallout formation time and physically

reasonable attachment coefficients for the elements. A

more rigorous and comprehensive model can probably be

developed describing the fractionated composition of all

isotopes in prompt fallout.

(3) The specific activity as a function of particle

size has been semi-quantitatively formulated for four radio-

isotopes. Specific activity-particle size relationships for

cloud debris samples can probably be generalized on the basis

of the slopes of logarithmic correlation plots of cloud

debris samples.

(4) The particle site distributions of the prompt

fallout and of the cloud am not A agret with current

particle site modls.

90



(5) The slopes of logarithmic correlation fractiona-

tion plots are related to but are not unique indices of

isotope partition between cloud and prompt fallout. Straight

lines fitting cloud fractionation data are not extropolable

to the composition of fallout samples.

(6) The comprehensive description of a fallout event,

to include radioisotope partitioning between cloud and prompt

fallout, in order to yield insights on the basis of which yield

scaling laws can be developed, requires as a sine qua non exhaustive

radiochemical and physical definition of both radioactive

cloud and the prompt fallout.

5.2 RECO?44ENDATIONS

(1) This study is not yet completed. A number of aspects

of the problem have been treated with less than the desired

rigor and should be pursued further either by this or other

laboratories. Among these are: the active versus the non-

active particle size distributions in the cloud debris; a better

analytical description of the distribution of Cs137 activity in

the various benzene fractions; a better choice of the average

Sr9/Zr95 ratio characteristic of the prompt fallout, taking

into account the fallout between 6 minutes and 20 minutes

a factor largely glassed over in the proceeding ana~ls;
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a better definition of the particle size distribution of the

active particles in the prompt fallout; a more complete

and satisfying treatment of predicting the composition of

prompt fallout particles, particularly with respect to the

iodine isotopes.

(2) If future opportunities are provided for studying

fallout situations, equal emphasis should be given ground

and aerial sampling and analysis programs.

(3) The methods used in this study, or more unhurried

and sophisticated versions thereof, can be applied profitably

to the post-facto investigation of selected ground burst

events over a range of yields, where aerial samples still

exist. The knowledge gained of the particle size distribution

of cloud samples, and the relationship between particle size

and radiochemical composition for Sr90, Cs1 3 7 and PmI 47

can be invoked after the fact, in conjunction with analyses

already a matter of record, to assist in the partitioning of

the debris between prompt, intermediate)and long range fallout,

as a function of yield and burst condition.
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Appendx A

CLOUD PENETRATION

PROCEuDm

Cloud penetration samples were collected by three B-57

sampling aircraft for this project. The aircraft penetrated

the Johnie Boy cloud at different altitudes and times after

detonation (Table A. 1).

Although some modifications of the procedures were made

during the experiment just prior to the penetrations, the

general procedure for the collection of samples by the air-

craft were the same. An aircraft was to penetrate the cloud

at a designated altitude and time after detonation in straight

and level flight and collect a sample in one of the wing tip

sample collectors. After emerging from the cloud, the air-

craft would again penetrate at another altitude and collect

a sample with the other wing tip sample collector.

The crew was furnished a data card for recording time of

entry and exit of the cloud, maximum dose rate recorded in

the cloud, total dose during penetration, airspeed, altitude,

temperature, and general comments on the size and shape of

the cloud.

Immediately after a cloud penetration, the aircraft

landed and the crew members were removed from the aircraft

and mitored by a Rad Sae term. The aircraft was monitored

and the wing tip samples were then removed and placed In

Individual lead pip.
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DISCUSSION

The Johnie Boy event was detonated one foot below ground

at the Nevada Test Site on 1 Jul 62 at 0945 hours. The cloud

reached a height of approximately 11,000 feet MSL and gr ound

zero was 5,200 feet MSL.

Three B-57 aircraft from the 1211th Sampling Squadron

at Kirtland Air Force Base, New Mexico, performed the cloud

penetrations. Two of the aircraft were airborne prior to

H-hour and penetrated the cloud from H+20 to H+33 minutes.

The third aircraft was dispatched at H+20 minutes and

penetrated the cloud at H+48 and H+5 minutes.

The data as recorded by the crew during the cloud

penetrations are presented in Table A. 2.

Photographs of the cloud at H+ 25 seconds, H+ 1 minute 30

seconds, and H + 2 minutes 30 seconds, are shown in Figures A.1

throu& A.3.

After the samples were removed from the aircraft wing

tips, theyware monitored and placed in lead pigs. The filter

sample from a single wing tip tank is divided into a half and

two quarter samples. Each of these sections was placed into

a single lead pig.

The data obtained from the samples Ismdiately after

their removal from the aircraft apear in Table A.3. The data

obtained on the smple at R* boom aesr La ?able AA.
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TABLE A. 3 DATA ThOM SAMPLES DEIIATLY AFTER REMOVAL ThK AIRCRAFT

Alrerift Psper Has, of. PSuudiag lie i la m ow ted Now
Iu PtiouO at T" -(r/hr) toim 33

6271.-1 00 1057 a12 A10 hi

an82 L-1-2 360 1059 1.5 R 0111 qawwer

M12 P,2 110 111 7.5 X1013 swl

611 R-1-2 80 215 115a mrter

8112 L-2 2 1119 1.9 a i 1 . e

81.2 L1-1- 30 2121 1.1 x a 1*e

812L-1-2 ITS LIN2 1.2XD qmte

2415 R-1-1 iT0 1156 1.9 x 101 %mor

cIupr posiMtm I or L. Imioate riat or left via# tUp tuak rusea~tiveiy.

TABLE A.4 DOSE RATE REAMUOS ON SA4MPLES AT H + 24 HOURS

Position of Dci.

At the surfage of
00 As Vitbtbe 5 30 25 12 3 30 as 1.
pig close.

At the awfth of
the pig with the NO0 - 50 60 il a"0 10N 9
pig open.

on te surfaue of

alsi visa
af~imal - 9 2 61 0.6 16

o sm-i"Eie..
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FigureA. 2 View of Johnie Boy event, H I mmts , 30Oaooamd.
(FICWT DADA 719-7-NT5462)

99

SECREiT



Fipr. A. 3 Aerial view of Jobid. Bay ~v R +* 2 udts, 30 meconds.
(FCWT DM 719-1-NI545)
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Ap;endi B

PARTICLE SIZE AND SPECIFIC ACTIVITY MEASUREMNTB

Introduction

The early penetration air samples from the Johnie Boy

test were used to determine the distribution of the various

radioactive nuclides with respect to particle size. Included

were fission product analysis of the samples at various altitudes,

particle size separation by settling methods, classification

of the particle sizes by microscopy techniques, and gams

spectroscopy of the various size particles from each of the

attitudes.

The particle size separation was accomplished by dry

ashing the filter papers, stirring the remaining particles

in a graduated cylinder containing benzene, and separating

and filtering the top four-fifths of the liquid after settling

times of 120, 60, 30, 15, 5, and 1 minute respectively.

These samples were split into two portions, 1/4 being used

for particle sizing and 3/4 being reserved for gina spectraeter

analysis.

Arial Sample Usnat

Following is a listing of the namer in vwch t4e serial

samples vere used.
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Aircraft 827 827 842 842 842 842 842 245
Number

Task Number L-1-1 L-1-2 R-2 R-1-2 L-2 L-1-1 L-1-2 R-1-1

Altitude(s) 14 14  9.5 9.5 11 11 11 12-14
(1,000 ft)

Time(s) of 20 20 33 33 25 25 25 48
Penetration 20 20 20 514

(Min)

Amount of 1/2 1/4 1/2 1/4 1/2 1/4 1/4 1/4
Paper Received

Fission 1/14 1/2 - - 1/4 1/8
Product Analysis

Particle
Sizing 1/8 - - 1/8 3/16 - - 1/16

Particle
Reserve 1/16 - - - 1/16 - 1/8 -

Mixed Fission 5/16 - - 1/8 1/4 - 1/8 1/16
Product Source

Sample Preparation for Particle Sizing

The samples of IPC paper were placed in beakers and ashed

in a muffle furnace at 450 0 C for approximately 16 hours;

nom of the samples were ashed up to 8 hours longer because

of remaining carbonaceous material.

The amount of residue for blank IPC paper was found to

be only 11.1 mg per square foot of paper. A full aerial IPC

paper would have an area of 4.75 square feet wd has 52.7 .6

of residue.

10a

•-



By using this blank the following calculations were made

to determine the weight of particles that were on the filter

paper. The diameter of the filter paper is 30 inches and

the diameter of the sampling area is 29 1/2 inches.

Aircraft Number 827 842 842

Tank Number L-1-1 L-1-2 L-2

Radius of Sampling 114" 13" 14"
Area (r.)

Length of Arc of 8" 4 3/4" 6 1/2"
Sampling Area (S.)

Area of Samplhn
Sector - Bss 56 in2  31.85 in2  45.5 in2

( - 2

Radius of paper (rp) 14 1/14" 13 1/14" 14 1/14"

Area of paper (SP) 8" 5 1/4" 6 1/2"

Area of paper (Ap = S2) 57 in2  34.8 in2  46.3 in2

Wt of Particles 4.4 mg 2.7 mg 3.6 mg
and Ash

Wt of Paper Ash 2 279.7 mg 232.7 mg 317.0 mg
(Apx .0772 mg/in2 )

Wt of particles 275.3 mg 230.0 mg 313.4 mg

AS
% of total paper (64) 8.19% 4.66% 6.65%

Wt of particles on 3.36 gn 4.94 gm 4.72 gm
total paper

Wt of particles mounted 24.4 mg 30.8 mg 0.7 mg
for beta counting

Reserve sample 248.4 mg 197.8 mg 272.1 mg
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2 Seisation of Particles b'S tse

The following apparatus was constructed in order to obtain

homogeneous mixing. Stirring otor

=_Stirring paddle with
blades pitched to

Blades of Propeller push particles toward
top of cylinder

': CC)Top
U 500 a1 graduated cylinder

* Side

Blade pitch set at
45 degrees to vertical
and each of the four
blades is set at 90 MML
degrees rotation with
respect to the nearest
neighboring set of blades.

The particles which remained after the ashing were slurried

in benzene and transferred to the 500-ml graduated cylinder.

Benzene (reagent grade) was added to bring the liquid up to

the 500-al mark. The stirring paddle was inserted into the

solution and the solution was stirred for thirty minutes.

TMe paddle wae them rem.id mA Amed with a fw milUters
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and the remaining 3/4 of the sample vas. reserved for gaemas

spectra analy is, There were a total of 28 saples produoed

* by this method.

Microscope Sizing of Particles.

One quarter of the filtered particles was placed in a test

tube and about tvo ml of a dilute collodion solution (1 part

collodion; 10 parts ethyl alcohol; 10 parts ethyl ether )

was added to slurry the particles. The slurry was then transferred

to a glass plate and allowed to evaporate. The resultant lzer

was very thin and allowed tWo-dimensional measurement of the

particles.

The apparatus used was a Bausch and Lomb microscope with

12.5 power eyepieces and 8X, 1oX, 20X)and 40X lenses giving

total magnifications of 10OX, 125X, 250X, and 500X. The

measuring device was a variable hairline eyepiece that

appeared as such.

t0

Each time the dial on the right of the eyepiece rotated

one revolution, the hairline moved one division on the

scale. The dial was graduated in one hundred divisiond.
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The scales were calibrated by placing a standard plate graduated

in 0.1 mm and 0.01 mm under the microscope and finding the number

of divisions on the eyepiece scale corresponding to 0.01 mm.

The following calibrations were determined.

10OX 1.03 divisions/micron

125X 1.27 divisions/micron

250X 2.70 divisions/micron

500X 5.27 divisions/micron

The lower limit of measurement was around 5 divisions

on each of the scales and the precision for each measurement

was 2 divisions.

The plates containing the particles were placed on the

stage of the microscope and the stage was moved to find an

area of significant concentration of particles. The field of

measurement was a rectangle bordered on the sides

by the #0 and #10 lines and on the top and bottom by the ends

of the shortest lines (e.g.,line No. 4). The stage was then

moved vertically to the next field. This was continued

until a suitable number of measurements had been obtained.

The measurements were all made horizontally and measured

only the horizontal width as the particle was lying. The

following diagrams will show the distance measured for
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various types of particles. This distance is from point A

to point B.

A A S

A I A 5

The distance from A to B was found by taking the difference

between the two readings on the scale mounted on the eyepiece.

Thbe measurements were recorded as divisions and classified

by frequency occurrence for each size.

In order to obtain a statistical distribution of the

number of small particles with relation to the number of large

particles, glass plates of particles from unfractionated

portions of Samples 82T-L-l-l and 842-L-2 were measured at

magnifications of 5.27, 2.70, and 1.03 divisions per micron.

The conversion factor of the areas observed is .szreaese b

.2 2 -~(2".r°)2 ,, ,8

(52) 26.2 and 1ao*22 68
(.and-Y (L.03)2 *66
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of benzene and the solution was allowed to settle for 120

minutes. The top 400 al of the 500 ml of liquid was then

carefully siphoned off and filtered on a filter tower through

Whatman 0 42 7/8-inch diameter filter paper. (On a total sample

slurried in benzene and filtered by this method, no appreciable

* radioactivity was found when the filtrate vas evaporated

* to dryness on a platinum disc.)

The above procedure was then repeated in order to obtain

the other fractions. This. procedure produced seven size fractions

a follows:
Nomenclature

8tirring Time Settling Time of Fraction

30 minutes 120 minutes 120

30 minutes 60 minutes 60

30 minutes 30 minutes 30

5 minutes 15 minutes 15

5 minutes 5 minutes 5

5 minutes 1 minute 1

Noe None Residue

This proceftre was aooomplished on samples from 14,000 (Figur 3.1);

11,000; 12 to 14,000 and 9,00 at. Each of the filter papers

containing the particles was sloed with a scalpel into two

fradcaos, oam-I & of to mo Wag us f pudol sg.
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If the particle sise frequency for .11 of the particles

measured at 5.27 div/u mnification is mltiplied by 26.2)

it vili bring both sets of data Into comparison for the total

particle size picture.

The hearier fractions from the various altitudes

contained spheres ranging in dimter from 20 microns to

150 microns. Som of these spheres had cracked surfaces and

others appeared to be completely smooth. Some of the spheres

had been broken, possibly in the mizxing of the samples. Some

of the heavier fractions and the unfractionated samples were

measured for spheres only. Each fraction vas photographed.

Many of these photographs show clearly the presenoe of the

previously described spheres.

Following is a listing of the number of particles sized

from each of the fractions.

All Particles 8Kheres Only

Number Manifi- Number Magnifi-
Sized cation Stied cation

9.5K Residue 400 lOOX 100 100Z

9.5K 1 Minute 40 100X - -

9.5K 5 Minute 360 lO0X - -

9.5K 15 Minute 300 250X - -

9.5K 30 Minute 260 25OX - -
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All Particles Sphere. -Only

Number Manifi- Number IMqpifi-
Sized cation Sized cation

9.5K 60 Minute 2140 5OOX -

9.5K 120 Minuate 200 5001 -

14K Residue Wo0 lOOX 100 lOOX

14K 1 Minute 400 125X 60 lOOX

114K 5 Minute 300 lOK -

114K 15 M~inute 1.00 5OOX -

* 14K 30 Minute 280 250X -

114K 6o Minute 1432 500K - -

14K 120 Minute 320 500K -

114K Unfractionated 285 lOK 60' 1001

114K Unfractionated 311 250X -

1)6K Unfractionated 360 5OOX -

11K Unfractionated 112 10OX. 233 b0OX

11K Unfractionated 253 250X -

111 Unfractionated 36o 500K

UO4
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120 Minute 19A/div 60 Minute 9dv

15 Knute 37jA/div 5 Minute 37A(/div

- 97At/Iv.

Figure B. 1 Photomicrographo of 14,000-foot fracionated uamplss.
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AppendLix C

CA~aJ DITII PUNCT1IS 0 B iimz FORIISW

Dg .50 D Cut-Off-49U

Fraction 2.00 2.25 2.50 3.00

120. 50.26 38.82 27.4 17.89 10.97
60m 16.91 15.01 12.38 9.49 6.88
30. 8.29 8.91 8.82 8.02 6.TT
15. 5.93 7.46 8.4T 8.70 8.23
52 6.75 9.79 12.70 11.83 15.90

in 7.68 12.77 19.01 25.47 31.33
residue 1.15 7.20 11.17 15.57 19.88

Dg 1.00 D Cut-Off-59U

120m 141.141 31.83 22.T8 15.26 9.68
6o 17.07 114.77 12.01 9.20 6.69
30. 9.80 9.87 9.31 8.21 6.84
15a 7.53 8.63 9.17 9.05 8.38
5a 8.76 11.45 13.82 15.46 16.20
in 10.00 14.97 20.TO 26.55 31.92

residue 5.39 8.414 12.17 16.2 20.26

Dg 2.00 D Ctt-Off-49

120a 29.49 22.64 16.45 11.35 T.48
60. 16.91 11.21 11.38 8.67 6.3
30a 11.79 11.06 9.95 8.19 6.9
15m 9.75 10.21 10.1 9.5T 8.62
51 11.59 13.72 15.10 16.42 16.72
1. 13.28 17.96 23.09 28.21 32.95

residue T.23 10.18 13.60 1T.27 20.92

Dg u 3.00 D Cut-Off-59m

120. 20.74 15.94 11l.71 8.25 5.58
60m 16.21 13.39 10.62 8.09 5.91t
30. 13.18 11.93 10.3T 8.68 7.00
15. 1.48 11. 11 10.89 10.00 8.84
5m 13.85 15.50 16.66 1T.24 17.19
1. 15.91 20.33 25.00 29.62 33.91

residue 10.23 12.66 15.55 18.T7 21.6
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D .50 D Cut-Off 76P

Fraction 2.00 2.25 2.50 2 3.0

120m 48.18 35.64 23.57 14.10 T.84
60m 16.21 13.78 10.63 7.48 4.91
30m 7.95 8.18 7.58 6.32 4.84
15m 5.69 6.85 7.28 6.86 5.88

5m 6.48 8.99 10.91 ii.70 11.36
13 8.18 13.30 18.97 23.95 27.49

residue 7.29 13.23 21.04 29.56 37.65

D 1.00 D Cut-Off 76u

120m 39.21 28.81 19.33 11.92 6.8T
6om 16.16 13.37 10.19 7.19 4.76
30m 9.28 8.94 7.90 6.42 4.86
15m 7.13 7.81 7.78 7.07 5.95
5z 8.30 10.37 11. 3 12.09 11.51
I1 10.51 15.37 20.41 24.75 27.87

rsidue 9.38 15.30 22.64 30.54 38.16

D 2.00 D Cut-Off 76u

120m 27.44 20.11 13.72 8.T6 5.27
60. 15.73 12.62 9.49 6.69 4.46
30. 10.97 9.86 8.30 6.55 4.88
152 9.08 9.06 8.46 7.38 6.07
5a 10.79 12.19 12.84 12.66 11.TT
3a 13.72 18.11 22.37 25.94 28.49

resue 12.30 18.06 24.84 32.03 39.04

V 3.00 D Cut-Off r6u

120m 19.o4 13.95 9.64 6.29 3.89
60. 14.88 11.73 8.74 6.16 4.14
30m 12.10 10.44 8.53 6.62 4.89
15. 10.54 9.199 8.96 7.62 6.17
5m 12.72 13.57 13.71 13.14 12.00
in 16.22 20.19 23.90 26.94 29.OT

restdue 15.99 21.14 27.19 33.65 40.05
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D .50 D Cut-Off-137i

Fraction 2.00 2.25 3.00

120m 145.94 .32.10 19.39 10.32 5.00
60m 15.46 12.42 8.T5 5.48 3.14
303 T.58 7.3T 6.23 4.62 3.09
152 5.43 6.17 5.99 5.02 3.76
5m 6.18 8.09 8.98 8.55 T.25
ink T.80 11.98 15.62 17.51 17.56

residue 11.60 21.84 35.02 48.50 60.18

F 1.00 D Cut-Off-137T

120m 36.90 25.57 15.70 8.64 4.3T
60M 15.21 11.87 8.28 5.21 3.03
30m 8.T4 T.93 6.42 .4.65 3.09
15m 6.71 6.93 6.32 5.12 3.78
5m 7.81 9.20 9.52 8.75 T.31
1. 9.89 13.64 16.5T 1T.94 17.71

residue 14.3 24.86 37.18 49.6T 60.T0

D 2.00 D Cult-Off-131

120m 25.3T 17.49 10.94 6.26 3.32
60m 114.55 10.98 T.56 4.T8 2.82
30. 10.15 8.58 6.62 4.68 3.08

15. 8.39 7.88 6.T4 5.2T 3.83
5u 9.9T 1o.6o 10.25 9.05 T.42
in 12.68 15.714 1T.85 18.55 1T.96

residue 18.95 28.T 0.05 51.39 61.5T

D 3.00 D Cut-Off-13Tu

120m 1T.36 11.96 T.58 4.45 2.44
60. 13.5T 10.05 6.8T 14.36. 2.59
30a 11.03 8.95 6.T 4.6T 3.06
15m 9.61 8.56 T.05 5.38 3.86
51 11.59 1.62 10.T8 9.29 T.51
in 14.79 17.30 18.80 19.05 18.19

residue 23.40 32." 42T.71 53.OT 62.49
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D .50 D Cut-OfM-120v

Fraction 2.00 2.25 L25 30

120m 46.40 30.8 20.25 1.06 5.5,
60. 15.61 12.70 9.13 5.87 3A1,7
30. 7.66 7.54 6.51 4.96 3.42
15M 5.48 6.31 6.25 5.38 14.16

5m 6.24 8.28 9.38 9.17 8.02
In 7.88 12.26 16.30 18.78 19.41

residue 10.72 20.06 32.16 44.77 55.97

D 1.00 D Cat-Off-120is

120. 37.36 26.23 16.43 9.28 4.84
60M 15.40 12.18 8.67 5.60 3.35
30m 8.85 8.13 6.71 5.00 3.42
15m 6.8o 7.11 6.62 5.50 4.19
53 7.91 9.44 9.97 9.41 8.10
13 10.02 13.99 17.35 19.27 19.60

residue 13.65 22.90 34.214 45.93 56.50

W 2.00 D Cut-Off-120

120m 25.78 18.02 11.50 6.74 3.68
60m 14.78 11.31 7.95 5.15 3.12
30m 10.31 8.84 6.96 5.05 3.41
15. 8.52 8.12 7.08 5.68 4.24
5. 10.14 10.92 10.77 9.75 8.23
1 12.89 16.22 18.75 19.99 19.91

rsie 17.62 26.59 37.02 47.65 57.40

D " 3.00 D Cit-Otf-120m

120m 17.69 12.36 7.99 4.80 2.71
60m 13.83 10.38 7.24 4.71 2.88
30m 11.24 9.25 T.OT 5.05 3.40
15m 9.80 8.85 7.43 5.82 1.29
5 11.82 12.02 11.36 10.02 8.34
1 15.OT 1T.65 19.80 20.7 20.9

rt , 21.94 30.20 39.65 493. 58.
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Appendix D

ELECTRON MICROPROBE ANALYBS

Two hundred and fifty Johnie Boy particles have been

analyzed by an Applied Research electron .microprobe. Elemental

analysis within the limits of the probe was performed on

particles sampled from different heights in the atmosphere.

Ratios of the elements versus particle size were calculated for

the Johnie Boy particles. Electron backacatter displays

were used as a criterion for determining the size of the

particles (see Figures D.3a, D.3c, and D.Sd), as well as means

for positioning the analyzing beam.

OPERATING CONDITIONS AND PROCEDURES

Particle Sizes. Particle sizes determined by the electron

backscatter displays were validated by a calibrated, standard,

copper-silver grid whose wire mesh diameters were determined

by Applied Research Laboratories. On a 360-micron weep at

a 80-kv accelerating potential the electron beam covers an

area of 129,600 square microns. Under these conditions, at

an electronic magnification of IX (optical equivalent 222X)

the dominant copper grid wire has a diameter of thirty microns

edge to ede. From the copper wire grid backscatter represents-

tion on the oscilloscope, it was determined that each sm&l

gradient represented 5 microns in length.
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Particle Analysis. An electron beam accelerating voltage

of 30 kv was used and a sample current of 0.05 microamps

vas maintained throughout the analysis. A beam spot sise of

approximately 1 micron vas used. The particles from Johnie

Boy were mouted on highly polished beryllium rods and placed

in a specimen holder. These particles were then positioned

inside the probe. A spot scan from edge to edge of the particle

was used for the analysis. The intensity versus wavelength date

were recorded and subsequently used to determine a relative

weIghtrpercent of the elements present.

Standardization. The Johnie Boy particles were calibrated

against eighteeen stainless steel microspheres. The analysis

of the microspheres was carried out at 30 kv and 0.05 microamps

sample current. However, a somewhat different 4-inch LIF detector

voltage setting was used than for the Johnie Boy particles.

The results of the microspheres analyses are listed in Table D.I.

The ratios of Cr/Fe and Ni/Fe in the microepheres are plotted

in Figure D.2.

Our analysis of these spheres agreed with independent

microprobe data from Tracerlab on the sam controlled sample

batch. The compositions of the stainless steel mcrospheres

were independent of parutle ime.
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The next step was the recalibration and calculation

of the relative elemental percentages of the Johnie Boy

particles with respect to the same 4-inch LiF detector setting as

was used for the stainless steel microspheres. The recorder

unit scale readings were adjusted to give readings equivalent

to those which would have been obtained had the X-ray

detector settings been the same for the Johnie Boy particles

and the stainless steel microspheres.

Elemental ratios have been plotted for the Johnie Boy

particles (see Figure D.1). The final relative mean average

composition for the Johnie Boy particles was calculated taking

into account corrections for absorbance and atomic number.

These final calculations are listed in Table D.2.

The formula used for the relative mean average composition

of the Johnie Boy particles was the following:

Vn) A(n) . B(n) (n)

where X . Initial relative mean average composition

for element (n).

A n Absorbance correction factor for element (n).
(n)

B(n ) 0 Atomic number correction factor for element (n).

x( )  Final relative mM awn, .q0oW ition for 0lm it ().

11
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I

REZULTS AND DICUSSION

The following elements were scanned for and were not

found to be present in the Johnie Boy spherical metallic oxide

particles within the detectable limits of the probe: Al,

U, Ti, Sn, Pb, Ta, Rb, W, Mg, Cu, Ag, Au.

The relative mean average composition of the metallic

oxide particulates, which indeed constituted the majority

under investigation was 64.9% Fe, 2.0% Mn, 19.4% Cr, 14.4% Ni

(see Figure DIl). Some thirty metallic particles contained

zinc and six of these thirty particles contained traces of cobalt.

It was found that the analrtical results were independent of

the particle size.

Many of the Johnie Boy metallic particles were elliptodial

or spherical in shape, some were irregular In shape (Figures D.3a, D.Sc)

as compared to Figure D.3d, an electron backscatter display of

spherical stainless steel microspheres.

Most of the Johnie Boy particles contained iron.) with

the elements Ma, Cr, Ni, Zn being present. All shoved a

tendency to be enriched relative to Iran an the particle sis

inoresed (se Figure D.1).
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TABLE D.1 316 STAINLESS STEEL JUCROSPHERES

No. Size a Fe Cr Ii

1 55 63.5 20.0 13.5 V
2 k5 62.5 21.5 13.0
3 30 62.0 20.5 114.0
4 45 62.0 22.0 13.0
5 50 63.0 21.5 12.5
6 15 62.5 20.5 13.5
T 25 62.0 21.5 13.0
8 20 62.0 20.5 13.0
9 25 62.0 21.0 13.5

10 20 63.0 22.0 13.0
11 35 62.5 21.5 13.5
12 45 62.0 22.0 13.0
13 30 62.0 21.0 13.5
14 55 63.0 20.0 13.0
15 40 62.5 21.5 13.0
16 55 62.5 21.0 13.5
1T 40 62.0 20.5 14.0
18 35 63.0 21.5 13.0

Uk, for all1 partialem 1.5%

TABLE DJ CORRECTION FACTORS FOR ELECTRON
MICROPROBE ANALYSES

() X(n) (n) (n)  x(,,)

Fe 66.0 1.00 .984 64.9
N1 13.2 1.10 .992 14.4
us 2.2 1.00 .910 2.0
Cr 1T.5 1.15 .965 29.A
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SECRET af a 400W 60dWNIANIMN
Ag re , l D.C. S O .

DISTRISUTION
Miaymehtfln abufoxu Cu 26

ARMY ACTIVITIES 67 U S NAVAL POSTGRADUATE SCHOOL
US U S NAVAL SCHOOL CEC OFFICERS

I CHIEF oF A 0 DA 69 U S NAVAL DAMAGE CONTROL TNG CENTER AK
2 AC OF S INTELLIGENCE DA 90 U S NAVAL MEDICAL RESEARCH INSTITUTE
3 ASST.C OF S FORCE DEV. ATTN CAR-OPNS 91 U S NAVAL ORDNANCE TEST STATION
4 CHIEF OF ENGINEERS DA 92 DAVID W TAYLOR MODEL BASIN

S- 6 ARMY MATERIAL COMMAND 93 U S NAVAL SUPPLY R&D FACILITY
7 CHIEF SIGNAL OFFICER DA 94- 97 U S MARINE CORPS CODE AOSH
8 CHIEF OF TRANSPORTATION DA

9- 10 THE SURGEON GENERAL DA
11- 12 U S ARMY COMBAT DEVELOPMENTS COMMAND AIR FORCE ACTIVITIES

1: U S ARMY COC NUCLEAR GROUP
S14 U S ARMY ARTILLERY BOARD 96- 99 HO USAF AFTAC-TO
1I u S ARMY AIR DEFENSE BOARD 100 HO USAF AFRDPF
16 U S ARMY AVIATION BOARD 101 HO USAF AFXPDG
17 ARMY WAR COLLEGE 102 HG USAF AFOCEKA
1: U S ARMY AIR DEFENSE SCHOOL 103 HO USAF AFOA
19 U S ARMY CDC ARMOR AGENCY 104-lO H USAF AFNINDE
20 U S ARMY CDC ARTILLERY AGENCY 109 AC OF S INTELLIGENCE HO USAFE
21 U S ARMY CDC INFANTRY AGENCY 110 BALLISTIC SYSTEMS DIVISION
22 U S MILITARY ACADEMY III N USAF AFHSPAA
23 QUARTERMASTER SCHOOL U S ARMY 112 TACTICAL AIR CONHAND
24 U S ARMY ORDNANCE & GUIDED MISSILE SCHOOL 113 ALASKAN AIR COMMAND
2: U S ARMY CDC CUR AGENCY 114 AIR DEFENSE COMMAND
26 U S ARMY COR WEAPONS SCHOOL 11S AIR FORCE SYSTEMS COMMAND
27 U S ARMY SIGNAL SCHOOL 116 PACIFIC AIR FORCES
26 U S ARMY TRANSPORTATION SCHOOL 117-110 AF CAMBRIDGE RESEARCH CENTER
29 ENGINEER SCHOOL 119-123 AFWL WLL-3 KIRTLAND AFS
90 MEDICAL FIELD SERVICE SCHOOL 124-12S AIR UNIVERSITY LIBRARY
51 U S ARMY NUCLEAR MEDICAL RESEARCH DET EUROPE 126 LOWRY TECH.TNG.CEN. TS-W
32 ARMED FORCES INSTITUTE OF PATH 12? SCHOOL OF AVIATION MEDICINE
3. WALTER REED ARMY INST OF RES 126-129 AERONAUTICAL SYSTEMS DIVISION
34 GENERAL SUPPLIES RESEARCH & ENGINEERING LAB 130-131 USAF PROJECT RAND
35 ENGINEER RESEARCH & DEV LAB 132 AIR TECHNICAL INTELLIGENCE CENTER
16 WATERWAYS EXPERIMENT STATION 113 NG USAF AFORO
I? DIAMOND ORDNANCE FUZE LABORATORY 134 H USAF AFXPOK

S6- 39 BALLISTIC RESEARCH LABORATORY
40 ARMY MATERIALS RESEARCH AGENCY
41 U S ARMY MOBILITY COMMAND OTHER DEPARTMENT OF DEFENSE ACTIVITIES
42 U S ARMY MUNITIONS COMMAND
43 ELECTRONMICS COMMAND 139 DIRECTOR OF DEFENSE RESEARCH AND ENGINEERING
44 U S ARMY ELECTRONIC PROVING GROUND 136 ASST TO THE SECRETARY O DEFENSE ATOMIC ENERGY

45- 46 U S ARMY ELECTRONIC R & 0 LABORATORY 131 MILITARY LIAISON COMMITTEE
47- 48 U S ARMY CDC COMBAT SERVICE SUPPORT GROUP 136 WEAPONS SYSTEM EVALUATION GROUP

49 THE RESEARCH & ANALYSIS CORP 139 ASST SECRETARY OF DEFENSE INSTALLATION LOGISTICS
0 WHITE SANDS SIGNAL SUPPORT AGENCY 140 INDUSTRIAL COLLEGE OF THE ARMED FORCES

11- S2 U S ARMY NUCLEAR DEFENSE LABORATORY 141 ARMED FORCES STAFF COLLEGE
1 U S ARMY CDC AIR DEFENSE AGENCY 142-149 DEFENSE ATOMIC SUPPORT AGENCY
14 U S ARMY CORPS OF ENG NUCLEAR CRATERING 14" FIELD COMMANO CASA
11 UNITED STATES CONTIMINTAL ARMY COGMANO 147 FIELD COMMAND DASA FCTG
96 CHIEF OF RGD DEPARTMENT OF THE ARMY 146-169 WEAPONS TEST DIV.,DASA9SANDIA9WTWT-TI
S7 U S ARMY CDC COMBIND ARM OU 10 U S COAST GUARD
56 US ARMY ENGR.RES. & ENR.LASS. ISI JOINT TASK FORCE-$

li2 COMMANDER-IN-CHIEF PACIFIC
199 COWANDER-IN-CHIEF ATLANTIC FLEET
194 STRATEGIC AIR COMMAND

NAVY ACTIVITIES Its CINCOAD
16-IN ASST SECRETARY OF DEFENSE CIVIL EPiERSE

59- 60 CHIEF OF NAVAL OPERATIONS OPOSEG 199 DIR.DEFENSE INTELLIGENCE AGENCY
61 CHIEF OF NAVAL OPERATIONS OP-OGIS 160-179 DIFENSE DOCUMENTATION CENTER
62 CHIEF OF NAVAL OPERATIONS OP-T&
63 CHIEF OF NAVAL OPERATIONS OP-922G2 POR CIVILIAN DISTR CAT. 0 3
64 CHIEF OF NAVAL PERSONNEL
61 CHO.IEF OF NAVAL OPERATIONS OP-94 160 ISOTOPES WESTWOOD NEW JERSEY
66 CHIEF Of NAVAL OPERATIONS OP-922F2 161 STANFORD RESEARCH INST. ATTN RUSIN

67- 69 CHIEF BUREAU OF fAVAL WEAPONS DLI-S 162 RAN CO P SANTA MONICA CALIF ATTN TEI[C.LIGRAV
TO CHIEF BUREAU OF MEDICINE 6 SURGERY CODE 74 163 US WEAT0EN[ AUREAU WASHINGTON ATTI FE9iiB
?1 CHIEF BUREAU OF SHIPS CODE 423 164 WERRY RANO CGRP LONG ISLAND N T
T2 CHIEF SUREAU OF SHIPS CODE 362 1601 GNERAL ELCTR1C CO (F.fELECa@IV.
7S CHIEF BUREAU OF YARDS & DOCKS CODE 74
74 DIR. US1 NAVAL RESEARCH LAG. ATOMC ENERGY COMMISSIO ACTIViTIi4

71- 76 U S NAVAL ORDNANCE LABORATORY
77 MATERIAL LABORATORY CODE 900 106-106 AEC WASHINGTON TECM LISRARY
78 4kA4Y ELECTRNICS LABORATORY 109-190 LOS ALA OS SCIENTIFIC LA

79- B2 U S NAVAL RADIOLOGICAL EFENSE LAG 191-199 SANDIA CORPORATION
GS U 5 NAVAL CIVIL ENGINEERING LABORATORY 196-209 LAWRENCE RADIATION LAB LIVEMINI[E
86 U S NAVAL ACADEMY 206 NEVADA OPERATIGNS GFICEILAS VIIIIS
61 U S NAVAL SCHOLS COWAN U B NAVAL STATION 207 BTIE OAK Ri E.NA4T4lq
6 U S NAVAL WAR COLLEGE 208-23? DTIE OAK RIM 90004
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