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INTRODUCTION 

This report is concerned with the formation of radioactive 
particles in the cooling fireball of a nuclear explosion.    The first 
part of this report is a review in which the physical-chemical 
processes occurring during the particle formation period are studied 
and in which the more important reports in the literature dealing 
with this subject are considered and their applicability to the 
formulation of a model of radioactive fallout particle formation ic 
evaluated.    The  second part of the  report outlines a simplified 
"kinetic" model of particle formation and discus-es how this model 
can be used as an aid and guide in the construction of a more 
sophisticated,   computerized model. 

In this  report the emphasis  lr upon "primary particles", i.e., 
those particles which are fonned wholly by the condensation of vapor 
within the fireball and which are distinguished from the  secondary 
particles which are formed from non-vaporized environmental material 
swept into the cooling fireball.    Of particular interest  is the 
possibility of formulating a model to predict the radiochemical 
composition of the primary particles as a function of the particle 
size distribution. 

PARTICLE FORMATION BY VAPOR CONDENSATION 

Throughout the discussion that follows we shall be concerned 
only with the formation of particles in a fireball which initially 
contains nothing but vaporized materials, both inert and radioactive, 
and into which no material is injected subsequent to the explosion. 
This situation is realized in the case of an air burst high enough 
above the ground so that no surface or other environmental material 
enters the fireball. 

A theory of the nucleation and growth of liquid drops by con- 
densation of a cooling vapor has been developed by Volmer, Becker 
and Döring,   Frenkel,  and others.    Summaries of the development and 
present state of the theory are given by several authors.   (1,  2,  3) 
The general  features of the theory are as follows.  As a vapor is 
cooled,  the colliding vapor molecules have an increasing tendency to 
stick together to form small groups of molecules  (or nuclei). 
Because the vapor pressure of such small droplets is quite high 
compared with the bulk liquid,  the  small droplets tend to evaporate 
as fast as they form until a comparatively high degree of supersat- 
uration of the vapor is reached.    At this point,  a series of chance 
molecular collisions will produce nuclei of a sufficient  size to be 
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stable.  Once past this "potential barrier", the nuclei, by virtue 
of their lower vapor pressure, will grow rapidly in size via vapor 
condensation. The .rize of these critical nuclei at the potential 
barrier will vary with the conditions and characteristics of the 
vapor, but will in general be of> the order of a few tens 
o*' molecule::.. 

Thic theory, while simple in concept, is difficult to formulate 
in precise mathematical terms. In order to solve the baüic differ- 
ential equations, a simplifying assumption was made. In the actual 
ca^e of vapor condensation, the droplets will continue to grow and 
the vapor w:.ll be depleted as the condensation process proceeds. 
However, for the solution of the equations, a steady state was 
assumed in which droplets are removed i'rom the sy. tem arter they 
have attained a certain ■ize and the loss of material i; compensated 
for by the arbitrary addition o" single molecules to the vapor. 

Another disadvantage of the Becker-Döring and Frenkel treatments 
is the occurrence of a constant whose nature and value i: not known. 
Focker-Doring and Frenkel have spumed that the value o" thio con- 
stant ir. r.ero. On the other hand, Lothe and Pound have acsociited 
this constant with translational and rotational partition functions 
of the critical nuclei (k).     However, the predictions of nucleation 
rate.: made ucing the Lothe-Pound approach appear to be several 
orders of magnitude too large. 

An additional criticism has been concerned with the use of values 
for vapor pressure.- and .-.urface tensions which have been measured 
for the bulk liquid and which may be significantly in error when 
applied to the very ^mall nuclei. Also the effect of the latent 
heat, relea ed by the condensation of the vapor molecules, on the 
stability of the small droplets has been ignored. In spite of these 
shortcomings, the theory has been reasonably successful in pre- 
dicting critical values of oupersaturation required to initiate 
condensation of pure vapors and initial condensation rates. 

In the application of nucleation theory to the vapors o* a 
cooling fireball, additional difficulties arise of which the mo.:t 
important is  the extreme sensitivity o-" the rate of nucleation to 
the degree of supersaturation. For example, .'.".trickland-Constable 
calculates that an increase in the supersaturation of water vapor 
from P/Po«= 4 to 6, increases the nucleation rate by a factor of 10' 
.Stewart estimates that the high-temperature rates of condensation of 
iron and of silica Increase by a factor of 10* by an increase in the 
degree of supersaturation of 0.44 and 0.68^ respectively (5). When 
one consider that vapor pressures are a logarithmic function of 
temperature, and that the temperature in a nuclear fireball at the 
condensation temperature can be falling as much as one to three 
hundred degrees a econd, it can be seen that any calculations of 
the nucleation rate can be gros ly in error. 

Additional uncertainties arise becau e the theory wa- developed 
for the condensation of a vapor consisting of a single species. The 
vapors in a fireball are a complex mixture of various molecular 

(1) 
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species which can interact with one another either in the vapor 
or liquid phases. Also the vapors are mixed with neutral air 
molecules whose effect on the condensation rate is not Known. 
Another factor affecting the nucleation rate which would be diffi- 
cult to evaluate Is the intense radiation due to radioactive decay 
within the fireball. 

In view of the gross uncertainties which seem to accompany the 
application of nucleation theory to the cuse of the cooling fire- 
ball, it is pertinent to question what useful information can be 
obtained from It.  In general, the quantities which are determined 
by nucleation theory are the degree of supersaturatlon required to 
initiate nucleation, the size of the critical nucleus, and the rate 
of initial condensation. The quantities which are of interest in 
primary particle formation are the times and temperatures over which 
particle growth occurs (which will affect the radlochemlcal composi- 
tion of the particles) and the final particle size distribution. 

The time and temperature of particle formation can be estimated 
without recourse uo nucleation theory from a knowledge of the vapor 
concentrations o-" the ma;]or refractory constituents In the fireball 
and their high-temperature equilibrium vapor pressures. It would 
be deslreable to use nucleation theory to predict the size of the 
initial condensate particles, but, as has been pointed out above, 
any predictions of this nature will be quite inaccurate. Moreover, 
if one considers the coagulation rate of small particles., it seems 
that the final size-distribution of the primary particles will be 
determined by the coagulation process and will be largely Independ- 
ent of the size-distribution of the initial condensation nuclei. 

PARTICLE GROWTH BY COAGULATION 

According to classical theory, developed largely by Smoluchowskl, 
the coagulation of very small particles is due to collision, caused 
by their Brownian motion. This Is a very effective mechanism for 
small particles but its Importance decreases rapidly as the particles 
Increase In size. For particles larger than about 0.1»» in diameter, 
coagulation via Erownlan movement becomes very slow and collisions 
caused by the turbulent flow of the suspending medium become 
increasingly Important. 

In order to estimate the effect of coagulation on the particle 
size of the primary particles, some calculations have been made of 
coagulation rates under conditions similar to those found in a 
cooling fireball. The expression. 

1_ 
n 

1_ 
n. 

4RT /^ 1 + A-r t£)t 
T J 

was used in which n is the number of particles per cubic centimeter 
at time t, no is the number at t=o, T] is the viscosity of the air 
and N is Avogadro's number. The factor, (1 +•^,) , is the Cunningham 
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correction factor for small particles In which -t is the mean free 
path of the air molecules, r is the radius of the particles and A 
In a constant. 

If one assumes a mass concentration of 3 x 10"* g/cm3 at a 
temperature of 2500° C in the fireball and an initial particle radius 
of 0.001 n, then the concentration of initial particles will decrease 
by a factor or ID1 (from 2 x lO1* to 2 x 10* particles/cm*) and 
particle radii will increase by a factor of 10 to 0.01^ in about 
0.01 sec. These conditions correspond approximately to one ton of 
condensed particles distributed evenly throughout a fireball of 
about 1300 ft. diameter and would probably represent an upper limit 
of particle concentratlo.i.  If one assumes am initial particle 
concentration smaller by a factor of 10 , then it takes about 1 sec. 
for the particle concentration to decrease by a factor of 10*, from 
2 x iO9 to 2 x 107, and about 10 sec. to decrease by a factor of 
10  to 2 x IO6 particles/cm*. 

Although these estimates are crude, they do indicate that, because 
of the rapid coagulation of the very small particles, the final 
particle size-distribution will be largely determined by the coagu- 
lation process and will be more or less independent of the size of 
the particles formed during the initial condensation period. As a 
first approximation one might ignore nucleation theory and construct 
a model of particle formation based primarily on coagulation theory. 
However, difficulties arise here too. Although the coagulation of 
the very small particles by Brownian movement probably can be 
calculated to a fair degree of accuracy, the collision mechanism 
changes as the particles increase in size.  For particles larger 
than about O.lu, Brownian motion ceases to be effective and collision 
of the particles is effected by turbulent flow of the air. The 
theory of coagulation in a turbulent medium has been developed (for 
a review see ref.3, chapter 5). However, an important parameter is 
the degree of small scale turbulence or eddy diffusion of the carrier 
gas and, in the case of a nuclear fireball, this parameter is not 
adequately known. 

An important restriction to keep in mind regarding either nuclea- 
tion or coagulation theory is that, in their simple forms, they 
furnish information only on the size of the average or mean of the 
distribution of particle sizes. If a particle size-distribution as 
a function of time is desired, the mathematics become very complex 
and the equations can only be solved by use of a computer. For 
example, Beectanans has used a computer to solve Smoluchowskl' s 
equations ^or the coagulation of uncharged aerosols. His solutions 
contain not only the term for Brownian motion but also tenas for 
turbulence and differential sedimentation (6), 

Hldy also reports numerical solutions by use of a computer for the 
coagulation of monodisperse and polydisperse sols consisting of 
spherical oartlclifl (7),  Rosin^ki and 3now have studied the 
condensation of vaporized meteoric material in the high atmosphere. 
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The particle dealt with are quite small (5-100 A In dla.) and their 
Initial state is a mona-molecular vapor. Thl computer program 
applies when the quenching of the vapor is quite rapid and the 
condensation is not limited by nucleation but is due to the coagu- 
lation of the vapor molecules (8). Courtney ha; used a computer to 
solve about 100 simultaneous equations (based on the classical 
liquid drop theory of nucleation described above) in order to 
deicrlbe the non-steady-ctate nucleation or water vapor (9). 

APPLICATION OF NUCLEATION AND COAGULATION THEORTKS TO PRIMARY 
PARTICLE FORMATION 

Despite the formidable difficulties Involved in the u e of 
nucleatlon-coagulation theory, some attempt:: have been made to 
apply it to studies of the formation or primary particles in 
nuclear fireballs. In 1956 'tewart used the Frenkel equation of the 
steady-.'täte nucleation theory and coagulation theory to study the 
formation of primary particles in the ^ireball or a hypothetical 
20  kt nuclear explosion (3).  His treatment wa , of necessity, quite 
simple not only because of the limitations and assumptions inherent 
in these theories but also because of the lack of rtata on the 
concentrations and chemical reactions of the vaporized con-tituent.~ 
and on the degree of small scale turbulence within the fireball. 

Despite the crudeness of the treatment, Stewart was able to draw 
some general conclusions. First, the condensation proce.-. occurs 
over a very short time period (about 200-^00 mrec depending upon 
the concentrations of the vaporized material in the fireball). 
Second, the growth of the particles is predominantly by a coagula- 
tion rather than a condensation process. Stewart gives an expression 
for the modal, or most frequent, particle size (about O.Olii for a 
20kt air burst with lOOOkg of iron) and, having assumed a log- 
normal distribution, an expression for the particle size distribu- 
tion. These solutions are quite approximate and are of doubtful 
value for a realistic description of the primary particle sizes. 

Edvarson has extended the work of otewart; the main difference 
being that the coagulation process has been treated in a more 
detailed fashion (10). Edvarson started by applying the Becker- 
Döring equation for homogeneou nucleation to the fireball problem 
and he came to the conclusion, "that any attempt to calculate the 
particle size spectrum resulting from the combined nucleation- 
condensation process murt be extremely uncertain." He was, 
however, able to make an order of magnitude estimate of the rize of 
the primary particles formed by the combined nucleation-conden.ation 
process during the cooling of the fireball of a 20 kt air burst 
(0.1 ton Pe vaporized). The diameters of the particles were of the 
order of 0.001 to 0.003u. 

However, Edvarson wa- concerned mainly with the growth of the 
primary particles by coagulation.  For thi■ process he developed a 
computer program which allowed him to calculate a particle ^ize dis- 
tribution. He also came to the conclusion that the coagulation 
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process wa/. most important and that, "under these clrcumstancea the 
particle volume distribution attains quite rapidly a form which Is 
to a good approximation independent of the Initial distribution". 

Recently Nathans, et al. (11), have applied the theory of self- 
preserving slze-distributiona (of PrtldUnder and Wang (12) to the 
formation of primary particles In nuclear air bursts. This 
theory is based on the hypothesis that the particle size- 
di'otrlbution in a system coagulating by Brownlan motion reaches a 
form, after a sufficiently long tlm-, which is Independent of 
the initial distribution. 

Nathans, et al., calculated the .-.hapes of particle slze- 
dl.tribution:; by starting with various assumptions about the coagu- 
lation mechani'm and then compared the results with a log-normal 
distribution normalized so that all the distributions have the 
same value for the geometric mean diameter. The work of Stewart 
and Edvarson was used to determine the particle size conditions at 
the start of the coagulation process. 

Nathans, et al., also measured the size-distribution' for 
particles collected from a nerles o1" nuclear air bursts. These 
distributions allowed a log-normal law. The particle size spectra 
calculated by use of the theory of self-pre serving slze-dlstrlbutlonr. 
have the name general shape as the measured size spectra except 
that the standard deviations are larger and the maximum size of the 
calculated distribution are about one-quarter the measured values. 

One of the ma.ior difficulties associated with formulating a 
detailed model of primary fallout particle formation, such as 
Edvarson' ., is the lack of data with which to test the completed 
model. There are little data available on the complete size 
distribution of the primary particles formed in nuclear air bursts. 
However, there is one feature of the known particle sizes from 
nuclear air bursts that seems to be incompatible with Edvarson1s 
model and that is the existence of large numbers of particles in 
the 5-20 u range. The growth mechanisms postulated cannot account 
for so many particles growing to such a large size in the time 
available during the cooling of the fireball. Edvarson suggests 
that the large particles are due to a very uneven distribution of 
condensing material within the fireball. Most models assume an 
even distribution of vapor material throughout the volume of the 
fireball and it in probable that this assumption can lead to large 
errors. Unfortunately there seems to be no data available on the 
degree of heterogeneity o^ the distribution of vaporized material 
wttoln a fireball.. There is also the possibility that high 
teraporauures persist longer in the center of the fireball and this, 
comb.ned with a high concentration of vapor near the center, would 
allov the growth of larger particles. 

Another effect on particle coagulation rates which is diff'^ult 
to evaluate is the contribution of the high degree of turbulence 
in the fireball. Turbulence can greatly accelerate the coagulation 
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of particles larger than about a half micron in diameter. Again 
there deems to be no adequate data on the intensity of local, amall 
scale turbulence. Edvarson didn't introduce any expression 
for turbulence into hir particle formation model. He did conalder 
the effect of turbulence but concluded that it would not be 
Importamt and that, "turbulence can at most be a distortion of the 
high-volume part of the distribution".  Stewart introduced a factor 
for the effect of turbulence into his simple model of particle 
formation, but, because of a lack of data, was only able to make a 
rough estimate of its magnitude. 

otewart also considered the effect of lonization due to the 
radioactivity in the fireball on the condensation process. He 
calculated that only a small fraction of the total molecules would 
be Ionized and that because of the rapid ion-electron recombination 
rate, the condensation procesr. would be between neutral atoms in 
the presence of ions.  In general, nuclei formation might be 
facilitated but the coagulation process might be hindered. 

UPTAKE OF RADIOACTIVITY BY PARTICLES 

This report so far haa been concerned only with the formation 
of primary particles by the condensation and coagulation of the 
inert or non-radioactive materials in the fireball. An adequate 
fallout formation model also requires knowledge of the condensation 
behavior of the radioactive components in the fireball. Ther>e 
components are in such small concentrations compared with the 
inert components that they would not affect the main course of 
particle formation. However, the manner in which the various radio- 
active species partition themselves in the fallout particles has an 
important effect on the final distribution of radioactivity 
in fallout. 

The process would be comparatively simple if all the radioactive 
species behaved similarly.  However there are large difference■ 
in the chemical nature of the various radioactive species and the 
amounts of the various radioelements are rapidly changing due to 
decay. There differences manifest themselves in different degrees 
of reactivity at different temperatures between the vaporized 
radioactive species and the inert material forming the bulk of the 
fallout particles.  ;'ome of the radioactive species are refractory 
and co-condense with the refractory inert materials. Other radio- 
active species have greater volatilities and condense later at lower 
temperatures or, as in the case of the rare gases, do not condense 
at all. These differences in condensation times lead to the phenom- 
enon of radlochemical fractionation in which particles formed, or 
exposed in the fireball, at early times are enriched in the refrac- 
tory and depleted in the volatile radioelements relative to the 
particles which are formed, or enter the fireball, at later times. 
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To quantitatively describe thlt; process, Miller first proposed 
a "thermodynamic" model (13). He assumed that the allout formation 
proce r, could be divided Into two phases. The firoi. phase occur..; 
above the melting point of the Inert material forming the fallout 
particles and the econd phase occurs below the melting point. 
During the first phase, the vaporized radi©elementa, or oxides, 
partition themselves between the vapor and the liquid sub-träte 
material according to Henry's law. Miller assumed that local 
equilibrium is attained either throughout the volume of the small 
particle or in the surface layer o' the large particles. He 
doe. not consider that diffusion of the condensed radioelements in 
the substrate matrix i ; important in determining the uptake. 
Miller also con.vlders the possibility o?  compound formation between 
the radioactive species and constituents of the liquid substrate. 

During the .;econd phase, those radioelements which have not yet 
condensed, either sublime directly onto the surface of the particle 
or react chemically with constituents of the particles. Because of 
a lack of thermodynamic data. Miller war, forced to assume ideal 
behavior (Raoult'r, law) in his calculations.  Subsequent measurement, 
of Henry's law constants for oxide vapor-molten silicate systems 
have shown that the assumption of ideal behavior can be grossly 
in error. 

Norman and hi3 co-workers have made laboratory measurements of 
Henry's law constants and di^-'u ion constants of important radio- 
elementr. or their oxides in silicate systems at high-temperatures 
(14, I'M. Their first model describing the uptake of the vaporized 
radioactive species is a more r.ophisticated version of the thermo- 
dynamic model (16). They assumed that th?  outer layers of the 
particles quickly became saturated with the condensing radioactive 
species and that the amount of uptake of each species was determined 
by Henry's law.  Following the saturation of the outer layers of 
the particle ;, the rate of uptake of additional radioactive material 
was governed by the rate at which the condensed material in the 
surface layer diffused into the interiors of the particles. Heft 
has .uccescfully used Norman's Henry's law constants to describe 
the di tribution o'" radioactivity in fallout from an underground 
cratering shot in Nevade (17). Norman has also given some consider- 
ation to the role of conden ation coefficients and gas diffusion on 
the radioactive vapor uptake process (l8). 

Adajm, et al., have tnve-tlgated the rate determining mechanisms 
that govern the uptake of radioactive vapors by inert substrate 
materials at high temperatures (19). These authors measured the 
rate- of uptake of several radioactive specie:, by comparatively 
large spherical particles or' either a silicate or a calcium ferrite. 
In general, they found that an important parameter in the uptake 
process wa the condensation coefficient, (or). When ar was about 
0.1 to 1.0, the reaction of' the vapor with the substrata material 
wa quite rapid and the rate of uptake was determined by the rate 
at which the radioactive vapors dif 'used through the surrounding air 

8 
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to the surfaces of the substrate particles. When or < 10"a, the 
uptake rate was governed by a relatively complicated function of 
three parameters: the condensation coefficient, Henry's law 
constant, and the diffusion constant of the condensed radioactive 
species within the substrate material.  In this case, the uptake 
rates were appreciably slower than would be predicted by the simple 
Henry's law-dlffuslon constant model described above. 

OUTLINE OF A SIMPLIFIED MODEL OF RADIOACTIVE PARTICLE FORMATION 

The discussion so far has shown that there are two major 
difficulties associated with the application of theory to the 
formation of primary fallout particles. The first difficulty lies 
in the complexities of the theories themselves. For the straight- 
forward, non-computer, solutions of the basir equations, simplifying 
assumptions are required which severely vitiate the theory when 
applied to condensation in the fireball.  If restrictive, simpli- 
fying assumptions are to be avoided, then it is necessary to set 
up a rather elaborate computer program. There is also the diffi- 
culty that nucleatlon-condensation theory was originally formulated 
to describe the steady-state condensation of a pure vapor and in 
not adequately developed for a situation such as that which prevails 
in a nuclear fireball which involves a complex mixture of reactive 
vapors of variable degrees of volatility and large amounts of 
inert gas, all existing in a region of rapidly falling temperatures 
and high radiation fields. 

The second difficulty lies in the lack of input data. Measure- 
ments of the surface tensions an^ vapor pressures of very small 
particles of the size and competition or the condensation nuclei 
have not been made. Data on the actual local concentrations of 
vaporized material In the fireball as a function of time and 
temperature are not available. Little Is known of the degree of 
small scale turbulence within the fireball which is required for 
calculating the coagulation rates of the larger particles. And 
finally, few measurements are available on the complete size- 
distribution of primary particles in an air burst which could be 
used to check the validity of any particle formation model. 

In addition to these difficulties in formulating an accurate 
model of particle formation and growth, there are problems associ- 
ated with the construction of a mathematical model of the uptake 
of the radloelements by the growing particles. Ac mentioned above, 
a complete model would require knowledge of the diffusion constants 
of the radloelements in air and in the inert particles as well as 
the Henry's law constants and condensation coefficients ^or all 
combinations of the important radioactive species and various 
substrate materials.  Some measurements of these quantities have 
been made, especially in silicate systems, but there still remains 
a significant lack of data and work in this field is difficult 
and slow. 
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Alno, the question arises. In view of the scarcity of reliable 
input data on vapor concentrations, temperature dlstributionr. and 
degrees of turbulence within nuclear fireballs, whether or not a 
sophisticated model of fallout particle formation would be appro- 
priate. There is also the goal of keeping the model simple enough 
20 that it can earily be incorporated as a module into an over-all 
fallout formation and distribution computer program. 

In view of these considerations, it appears that some compromises 
mif^ht be made.  On this basis, the following discussion will outline 
a scheme for combining some of the data which is available on sizes 
and radiochemical compositions of priruary radioactive particles 
with some concepts derived from theory in order to develop a semi- 
emuirical and simple "kinetic" model of particle formation in a 
cooling fireball. The basic information which will be used is 
as follows. 

First, from observations of airborne, radioactive debris, it 
is known that primary particles from air bursts can be as large 
as 10 or20ii in diameter (20). Also some data have been obtained 
on the radiochemical composition of primary particles as a function 
of particle size. These data are usually presented in discussions 
on the subject of radiochemical fractionation of fallout (21, 22). 

second, from theoretical considerations described above, it is 
probable that the condensation of the primary particles occurs 
over a short interval of time (from about 1/2 to 3 sec depending 
upon yield and vapor concentration) and that the initial condensate 
particles are quite small (about 0.001 to 0.003^ in diameter). 
After the initial condensation, particle growth occurs primarily 
by coagulation.  On the basis of this information, a simplified 
model of primary particle formation is proposed. 

First, it will be assumed that at a time and temperature deter- 
mined by the vapor concentration of the most refractory of the major 
Inert constituents of the fireball and by the rate of cooling of 
the fireball, all the refractory material, both inert and radio- 
active, co-condense more or less Instantaneously to form the initial 
primary radioactive particles.  After this initial condensation, 
only the volatile and relatively volatile radioactive species 
remain in the vapor state. The particles will continue to grow 
by coagulation and different groups of particles will grow at 
different rates. 

Coincidently with the coagulation process, the fireball will be 
cooling and successive radioactive species will condense on the 
surfaces of the growing particles.  It will be assumed that each 
radioactive species will condense over a very short period of time 
and at a temperature where the condensation coefficient of the 
particular radioactive species relative to the substrate material 
of the primary particles becomes appreciable. 
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This assumption can be Jurtifled by measurementr,  In this labora- 
tory which have suggested that,  in the case of oxide and silicate 
systems, the initial rate of uptake of a vapor by a substrate 
material will be proportional to its  saturation concentration in 
the substrate material, i.e.,  its Henry's law constant.    Henry's 
law constants  for a variety of radioactive species  in a .:ilicate 
matrix as a function of temperature are available  (14),    These 
data Indicate that, under conditions approximating thore in a 
fireball, Henry's law constants can change by an order of magni- 
tude over a temperature drop equivalent to a time interval of 1 to 4 
seconds.    Even when the condensation coefficient of a condensing 
vapor is unity,   a certain time is required for the vapor molecules 
to strike the particle surfaces and condense.    This time will be 
inversely proportional to the total amount of particle surfaces 
available and,   in the  fireball if the particles are not too diffu e, 
thi:. time will be of the order of 1 to 3 seconds. 

This computational procedure for the condensation of the radio- 
active species will lead to a radiochemical composition of the 
primary particles which is dependent upon particle size,  i.e., 
the fractionation effect.    In the calculational model one can vary 
parameters such as the time schedule of particle growth and radio- 
active vapor condensation and thereby vary the degree of fraction- 
ation.    By comparing the calculated degree of fractionation with 
the observed fractionation of airborne nuclear debris samples,  one 
can decide which values for the parameter« give the best results 
and thereby gain some knowledge of the conditions prevailing during 
the particle formation procers. 

In order to test this simple model,  the following calculational 
scheme was tried.    First, equilibrium vapor pressure cuives for 
several refractory materials which are likely to be the major 
inert components of a fireball were plotted as a function of 
temperature.    Second, the time-temperature curves of the fireballs 
from nuclear exploLilonr, of varying yields were plotted.    These 
plots enable one to estimate an approximate condensation temperature 
and time for the refractory components of the fireball for various 
assumed yields and vapor concentration:. 

Third,  the radioactive species were divided into three groups. 
The first group consisted of the refractory isotopes such as Zr, 
Nb, Ce and Sr, which were assumed to co-condenr.e completely with 
the refractory inert materials forming the initial particles.    The 
second group consisted of thone isotopes which were considered to 
be of intermediate volatility such as Mo, Cs,  and Ag.    Ther.e species 
were as umed to condense upon the surfaces of the particle    existing 
at an intermediate temperature.    The third group,  the volatile 
species such as Xe,  Kr and I, was assumed to condense at a low 
temperature after the growth of the particles had ceased. 

11 



NOLTR 71-146 

Finally, a schedule o^ particle growth was constructed. It was 
a.,öumed that the radius of the initial condensate particles was 
0.0lu. The particles were then divided Into three groups Initially 
of lo^ particle--, each. The particles of each group were assumed to 
grow at different rate:-. The particles of each group attained 
radii of 0.03, 0.3 and 1.0^ respectively at the time of intermediate 
temperature when the radioactive species of intermediate volatility 
condensed. The final radii of the particles of the three groups 
were 0.1, 1.0 and lO.Opi respectively at the time when the volatile 
radioelement;; condensed. 

The relative amount of the various radioelement;, at the differ- 
ent condensation times were obtained from the Bolles-Ballou 
compilation (23). Because of the rapid decay of the early fission 
products into various daughter species, it was necessary to divise 
a bookkeeping system to keep track of the amounts of the various 
radionuclides which had condensed into the particles and the amounts 
which remained in the vapor state at the different condensation 
time: . The refractory radioactive species, which were a ■. ;umed to 
co-condense with the refractory inert materials, were distributed 
equally throughout the volumes of the O.Olu particles. At the 
intermediate stage of condensation, the total surface area of the 
three oize group- of particles was calculated and the radioactive 
species o^ intermediate volatility were assumed to condense equally 
upon all the available surfaces, similarly, at the final stage 
of particle growth, the total particle surface area of the three 
groups was again computed and the remaining vaporized radioactive 
species were condensed equally on all the available surfaces. The-e 
calculations were performed for three different combinations of 
bomb yield and initial vapor concentration. These conditions are 
summarized in Table I. The particle growth schedule and numbers 
of particles at each stage of growth are summarized for the three 
groups in Table II. 
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TABLE I 

Fireball Conditionr. 

Yield 

(mt) 

Metal 
cone, in 
Fireball 

(g/cma) 

Initial 
Condense 

T(0K) 

-tion 

t( ec) 

I Intermediate   1 
Condenf.ation 

1 T(0K) |t(sec)  1 

, Final 
Condenr-. 

T(0K) 

at ion 

t(sec) 

0.2 1 x 10"* I 2860 6 2200 9 1200 16 

1.0 3 x 10-9 2950 13 2150 19 1300° 28 

|| 10.0 3 x 10"xl 1 2600 41 1 2050 1 5° 1 1300 74 
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Thi:   calculatlonal process led to radiochemical fractlonatlon 
between the three particle  size group;;.    A;   the particles increased 
in size, the ratio of aurj ace area to volume decreased and the 
larger,  faster growing particles picked up less  of the later ^on- 
denning, more volatile radloelemento relative to their mass than 
did the  smaller,  slower growing partlcleö.    The degrees  of fraction- 
ation resulting from the different initial conditions could be 
computed and these results  compared with those  obtained  from 
measurements on actual bomb debris in order to  test  the validity or 
the assumptions upon which this model i1? ba ed. 

These computations were performed for .several or the more impor- 
tant  Mission chains occurring in radioactive debri; .    The re ult-: 
of the calculation;: were then compared with fractlonatlon data from 
averages of actual fallout  collections tabulated by Lai and 
Freiling (24).    The results have been presented in the  form of "r" 
values.    These "r" values  are a computational device designed to 
indicate the relative composite voletility of various fis;lon 
chains   (including all the  individual membern of each chain) which 
are normalized to take into account the varying amounts  of each 
chain formed in flesion.     In the scheme used by Preiling (21),  the 
fission chain including 9B^r was chosen as the  reference chain for 
refractory material.    All the members of this chain exhibit refrac- 
tory behavior and would be expected to condense at early times.    The 
chain ending with 89Sr was chosen as the reference chain for 
volatile behavior as it contains the non-condensable specie:. 89Kr 
and the volatile species 8,Br which are predominant during the time 
of fallout formation. 

The  "r" values for several finr.ion chaini were computed for each 
of the three particle size groups.    The manner in which these "r" 
values are plotted against the "r" values of the reference chains, 
results in a slope of zero for any chain exhibiting refractory 
behavior like that of 9BZr    and a slope of unity for any chain 
exhibiting vciatile behavior like that of 89Sr.  Fission chain- 
exhibiting intermediate behavior will give values Intermediate 
between zero and unity depending upon their degree of volatility. 
The data are summarized in Table III. 

15 



r 

NOLTR 71-1A6 

*                  J •» " 
s   ä §   s ^   s 

•>     « « •>        •«   « 1      **             *■ c 
0 ^   ^S 0 u ^  ^PS x   ae EH 

c 
•H ^-t 
p ■P 
"H ••          ••   •• • •    •# ••         ••   •« ••        ••   t» •H 
c H XJ rH 0) H 0) H       HO) rH       H   QJ c 

»H O 0U   O H O H O        O rH O        OH «H 
v.                         1 >        >.H > "H >       > ^ >        >  -H e^. 
0) 1    * 1 -P -0 1   4J 1          1  -P 1           1   P 0) 
•0 eS en *H cd •H  13 TH   CO ■H 3 HH   «Ö 

BK BH 
•o 

BH S^ SrH 

^ 
(D        ft) O a» 0 0)       (U 0 a>     0) 0 

fi T.        0: > CO > •'. > c:    n > 

tr      4J 
a»    a OVO   U>^J-  rH VO     ON 

VO     CM 
VDC\J 
vSrn 

VO    ON 
vJ5 vo ^8   8 0 00 •        . •  • •          • .    « t     •    • 

• • rH         O 
•P   Ol        rH 

rH M 1—( rH -H 00 
^ > 
0 . 
Q-Tl h*4   \s 

*% 
O      W rH 

0 i-H c^- ir. Cr 
rH      O r-l  O rH   m rH         OJ m 

4>     «H  3       +-> 
0. x: a     B 

VO    CVl \0 CVJ 
•     • vo   N 

•         • 
IT»     VO •                  • 000 •     •     • 

O       E-.  rH 
r-t               d 

1       ! —1 rH OO 
■^          V 

a> 
3 
!-• 
aJ                 4-> 
>            a O CM M U^O C\ GO aoo <J\ 00 ■3-       >- 0J 

O^QOVOVO            1 IT.   M mrH in 00 00    m 000 
c                      W •     •     •    «     • «      . •     • •         • •      . •      •     • 
(1             • 

=             0 
1   rH                                               1 —( H 00 

0) 3 
■P a» OJ                          i * CVl 
«5 CJ • >-vo 1^ CO 1    • 
V   «Ö —1    .   •   •            1 • CM    1 

..  «     «H Vi 0 1   1   1   1 1 1 | O OO 00 a>     rH   hi O O inm^t          1 ^t LPl •    •   . 
C  3     -H   3 •   •   .  .   • • •                                                      ' 1   OO ■H rH     CO  Cr. -1  rH                                            1 

rH a) 1 , 
•H   >             0) 
0)                    O 
»H T3     rH   CO 0     m    ^t           1 

•     •      • 
fcl    0)         CO   «M 0 0 :^vo IT 

•   •   «  •   .          | 1 . , 1 
•O  ^1      0   3 H   -H                                            1 1       0 

ffl    trt 

■             ^^ 

0 CTSCO -^ m         1 
0 0 00 0          1 

IT. 
O « «            1 mo 

O CVJ 0 
•5 •      •      •     •     • •                                               1 • • •  •  . 
•J            v. -• -M ■« •« -H ■H ■H -H I -M -H O 

•^ OOJ CVJVO 
ONONVO öS 

O K O O t- < 00              1 vo CD COrH 
•     •     •     «                  j • 

r-1— 1—> 

u u) u d 
^                    1 u •O 3                    1 O Ü U 

:■: 0 •■ w >- 0 Ü K                    ' SON 
• ^ 0 0 H r* «      1 10 0                      1 • « n 
an»«» «      1 

0* •4                                      ' 
0 
^                      > • « • 

16 



NOLTR 71-1^6 

The "r" values for .200 mt, 1 mt and 10 mt fireballs have been 
compared with the Lai and Freiling values for nuclear debris from 
air, coral surface and silicate surface bursts. The first point 
to notice is that, in most cases, the calculated values are roughly 
independent of yield. Secondly, when comparing the calculated 
values with those reported by Lai and Freiling, it is seen that 
the discrepancies are rather moderate considering the crudeness of 
the model used In the calculations. 

In calculating the "r" values for the fission chains 103, HI 
and 115, there was uncertainity as to whether to classify the 
oxide vapors of Ru, Rh, Pd and Tc as volatile or semi-volatile. 
Calculations were made with these oxides in both categories and a 
significant difference was observed in the case of the 111 chain but 
not with the 103 and 115 chains. Also it iz  interesting to observe 
the behavior of X3,Cs, This is a shielded nuclide and exists only 
as cesium during the condensation process. Two values were calculated 
for cesium. The first assuming that cesium oxide was semi-volatile 
(condenses about 2100°K) and the second that it was volatile 
(condenses <12000K). It is seen that the values computed assuming 
semi-volatility agree well with the value for air bursts reported by 
Lai and Pre Hing. 

The tabulated calculations are rough approximations and are pre- 
sented for heuristic purposes only. That these data correlate well 
with actual fallout data is striking and suggests that the proposed 
model has some validity and, because of its simplicity, might easily 
be adapted into a computerized model of fallout formation. 

To refine this kinetic model it would be necessary to have better 
data on the concentrations of the major inert materials in the fire- 
ball, the time-temperature relations in the cooling fireball, a 
growth rate rule for the primary particles and a better knowledge of 
the temperatures at which the ra+es of uptake of the various radioac- 
tive species on various substrate materials become appreciable. Also 
the computational steps should be increased to include more groups of 
particle sizes and more time Intervals over shorter temperature drops. 
Increasing the number of computational steps would require setting up 
a simple computer program for these calculations. 

CONCLUSIONS AND RECOMMENDATIONS 

Arguments have been presented in this report which demonstrate 
the difficulties involved in formulating an accurate mathematical 
model of fallout particle formation. As an alternative to employing 
condensation and coagulation theory alone, a kinetic model has been 
proposed to describe primary radioactive particle formation which 
is semi-empirical and relies on a minimum of theory. Although the 
crude calculations presented above give results which are in agree- 
ment with radiochemical data from actual radioactive debris, it is 
not suggested that this simple model be used to explain the whole 
phenomenon of fallout particle formation. Rather the kinetic model 
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hould be u.ved as  an aid in  I'lirniuhing eatimate-.  ^or input data '"or 
more    ophi tlcated models.    These data would apply to such para- 
meterc aa a time  scale for the particle growth proce.ü (which is 
related to the degree    o'" local vapor concentrations and turbulence 
within the  fireball)  and condensation times and temperatures  of 
the various radioactive components. 

If one were to proceed on this baslo,   there are two areas  in 
which further work  is  required.    The  first Involve;.  the acqui-.ition 
o-1 data on the temperature of condensation of the vaporized radio- 
active specie-:.    A con iderable body of useful information ha- 
already been accumulated, mainly in the measurements o^ Henry's 
law constants and diffusion con tonts  in   -ilicate matrices by 
Norman,et al.  and of rate., of radioactive vapor uptake by silicate 
and calcium    errlte    ubstrate particles by Adams,  et al. 

There i;   a more or less complete lack of data on the uptake of 
the radioactive  species by other    ubstrate materials of intere t 
such as iron and aluminum oxides.    Experimental measurements have 

hown that  for many radioactive vapor species there can be gross 
differences  in condensation behavior upon different substrater   (19). 
To  fill this lack of information, work is in progress at the Naval 
Ordnance Laboratory on the measurement of the relative rate ;  of 
cc-condensation of different radioactive   .pecies with a variety of 
inert materials which have been vaporized by a high-powered laser 
beam.*    Thi.. la er method furni ohes  only qualitative data on vapor 
condensation but  it has the advantage over more quantitative 
method'   in being able to produce data more quickly on a larger 
number of vapor-substräte combinations. 

All of the .e data can be u^pd in conjunction with the simple 
kinetic model described above.    This model can be programmed to 
yield a variety of solutions  for different postulated fireball 
conditions,   and by comparing the calculated results with measure- 
ments on actual  radioactive debris  from nuclear explosions  of known 
characteristics,   information can be obtained for the further 
development of a more comprehensive model. 

The  second area in which   "urther work is required is  the 
development,  or elaboration,  of a practical computational model 
for the total proces .  of fallout formation.    This will  involve 
not only the process  of primary particle formation, but also the 
lntro,i'ection o*"    econdary particles  into the fireball.     It will be 
nece sary to describe the Interactions between the large,  secondary 
particles, which are  swept into the  fireball, with either the 
primary particle:,  or uncondensed radioactive vapors.    Except for 
the physical-chemistry of the uptake reactions between the radio- 
active vapors and the secondary particle substrate materials,  this 
Is essentially an aerodynamical problcn 

This work is   supported by the Division of Biology and Medicine, 
U..-1.  Atomic  Energy Commission, 
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A computerized model which might prove adequate for this purpose 
is the NRDL water-surface burst fallout model which wan developed 
under DASA sponsorship.    This model consists of a cloud module and 
a transport and deposition module.    The cloud module is concerned 
with the evolution and  size-distribution of particles  formed in 
the fireball by condensation and coagulation.    This model has term 
taking into account coagulation parameters  such as Brownian move- 
ment, turbulence and gravitational settling.     In order to incorpor- 
ate into this model the various features and input data described 
above,  it would be necessary to expand the model's capability 
somewhat.    Thir, modification would include  introducing an initial 
dual size distribution consisting of the  small primary particles 
and the large secondary particles.    Each distribution can be 
introduced at the appropriate point in the time-temperature history 
and the redistribution by agglomeration o." the small,  radioactive 
particles by the large,   inert particles can be calculated.    Also 
several condensation temperatures can be specified,  each one for a 
particular radioactive  specie;.    The final  result of both the  lab- 
oratory and computer programming work which ha-; been suggested 
would be a computer program,  or numerical laboratory,  in which 
a radioactive species could be tracked from the vapor phase,  through 
condensation onto small particle;:, and via agglomeration with,  and 
scavenging by larger particles, ultimately into radioactive fallout. 
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