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Abstract

%:purpowofthismeamhwasmcxmﬁmiwdosemtecmtouBandcloudmival
time data from atmospheric nuclear tests conducted at the Nevada Test Site to validate size
distributions currently used in fallout prediction models or to propose new size distributions.
Results were obtained from studies of eight air, nine tower, two surface and two shallow
subsurfece bursts. Yields ranged from 0.3 to 74 kilotons and heights of burst ranged from
-67 to 1500 feet. The tests examined are tabulated in Appendix A.

Iso-dose rate contours from U, S. atmospheric nuclear tests (9) were digitized and then
integrated numerically to obtain information on the fraction of activity grounded with time.
The parameters of the best-fit lognormal and best-fit power-law particle-size distributions
were then found for each burst studied.

There was insufficient fallout from tower and air bursts to make conclusive
determinations about the size distributions produced by these classes of bursts. For surface
and shallow subsurface bm'sts the debris may be characterized by a lognormal distribution,
by a power-law- ﬁ'—bm‘mb:lt;mi,;r bg; ; l:nem;r\;orﬁbmahm of these or possibly other
distribution functions. While no definitive distribution function was established, a linear
combination of lognormal distributions seems to hold the most promise. In addition, a lower
bound of 2210 r-mi%hr-kt was established for the source normalization constant.
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DETERMINATION OF PARTICLE SIZE
DISTRIBUTION FROM LOCAL FALLOUT

L Introduction

The size distribution of debris produced by nuclear explosions has been the subject of
much study. This distribution is essential to the prediction of local fallout in tactical planning
and the extent of global fallout that would be produced by high-yield strategic weapons. The
degree of sunlight ittenuation and subsequent climate pertubation predicted by the nuclear
winter hypothesis is also acutely sensitive to this size distribution.

Determinations of particle size distribution have been based on optical measurement of
nuclear debris (15) and measurement of specific activity as a function of particle size (11).
These microscopic methods are advantageous because they are based on measurements of
real particles produced by bursts that occurred under known conditions. However, there are
several significant disadvantages to these methods. In the case of air samples, the time and
location of sampling will greatly affect the apparent size distribution of particles collected (2).
Ground sampling stations at different locations will collect particles of different sizes with
larger particles tending to fall out closer to ground-zero (13:81). Correcting for these
sampling biases is not an easy task. Methods that use activity to determine particle size
distributions are further complicated by the fractionation phenomena (6).

This research attempts to utilize the local fallout data fiom U. S. atmospheric ruclear
tests to determine a number-size distribution for fallout particles. 1t is a macroscopic

approach in that the particle size distribution of the nuclear cloud is found from the aggregate




behavior of the entire radioactive cloud rather than samples that are representative of only a
portion of that cloud.

Three proposed particle s:ze distributions are described in Chapter II. The method
utilized in this research to obtain particle number-size distributions from the fallout data is
outlined in Chapter ITl. Fractionation and the source normalization constant are discussed in
Chapter IV. The results of this research are presented in Chapter V. Conclusions and
recemmendations are presented in Chapter VI,
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I1. Paticle Size Distribut

Several particle number-size distributions have been proposed to represent nuclear bomb
debris. Three such distributions are presented in this chapter. These are the lognormal
distribution, power-law distrilution and the hybrid distribution, It wiil be shown that the
latter distribution is really just a combination of the first two. The relationship between the
number-size distribution and the activity-size distribution is also examined in this chapter.

I ) Distributi

The number-size density function describing debris particles produced by nuclear
explosions has been taken 1o be lognormal where the fraction of particles n (r) between
radius rand r + dr is given by

n(dr=_1_exp{-12({lnr-lnr, }/B)?1 dlun M
In p

where r_, is the median radius of the number-size distribution and P is the slope, or geometric
standard deviﬁtion, of the distribution. Nathans et al have developed a theoretical basis for
this distribution by applying the theory of self-preserving size distributions to particle
formation after nuclear air bursts (16).

If the activity is distributed on the surface of the fallout particles, as might be expected
for fission products with more volatile precursors, then the surface activity-size distribution,

a (r), is given by

a, () dr=Ay, p 4nr?n(r)dr

= _1_exp[-12({Inr-Inr,}/P)?] dlnn) )
VI% B




' (4:210), where p, is the surface activity density and A normalizes the distribution so that

Ioa.(r)dr-l. )

The surface activity-size distribution, a, (r), is then the serond moment of the number-size

distribution. This distribution is also lognormal (1:12) with median radius, r,, given by
r,=r exp[2B2] (L))

If the activity is volume-distributed, as might be the case for refractory fission products,
then the volume activity-size distribution, a, (1), is given by

a, (Ndr=A_ p (4n/3) 2 n () dr
= 1 exp[-12({Inr-Inr,}/B)?] ddon )
Ix p

where p,, is volume activity density and A normalizes a,, (r) in a similar manneras A,
normalizes a, (r) in equation (3). The volume activity-size distribution is the third moment of
tk:2 number-size distribution with median radius, r,, given by

r,=rnexp[3B2]. (©6)

In general, the n-th moment of the number-size distribution will itself be lognormal

(1:12) with median radius, r,, given by

r,=t exp{nf2] )




Freiling suggested the activity-size distribution function could, for each mass chain, be
described by a single lognormal distribution with a median radius given by

Tox =T €XP [ (2 + b)) B2). (8

wherer,, is the median radius of the activity distribution for mass chain k and b, is a
number that is almost invariably between O and 1 (8:10). Comparison of equations (4), (6)
and (8) shows that a b, of 0 corresponds to surface-distributed activity and a b, of 1
corresponds to volume-distributed activity. The Department of Defense Land Fallout
Prediction System (DELFIC) uses this radial distribution model to obtain an activity
distribution by summing over the significant mass chains weighted according to the fraction
of that chain produced by the burst (18). Note carefully that this linear combination of
lognormal distributions results in a distribution that is not itself lognormal,

Bridgman and Bigelow simplified the DELFIC model to represent the activity-size

distribution by a linear combination of two lognormal distributions

ar)=f,a, @+(1-f)a () )

where f, is the fraction of the activity that is volume distributed (4:211). They demonstrated
graphically how this combination of lognormal distributions compares to the volume and
surface activity distributions for the DELFIC default particle size distribution (Table 1) with
f, = 0.68 and to the DELFIC model itself (4:211).

To further simplify calculations, the activity-size distribution might be approximated by «

single lognormal distribution (3), a (r), with median radius, 1, 5, given by

1 s=1 expf2.5p2) (10)

As shown in Figure 1, this simplified distribution lies midway between the surface and
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Figure 1: Comparison of Activity-Size Distribution Models
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volume activity distributions.

Heft suggested that nuclear debris may be described by a linear combination of several
lognormal distributions, one such distribution for each type of particle generated by the burst
(11:254). Yoon claimed that at scaled heights of burst above 700 feet a significant mass of
soil is no longer entrained in the fireball (23:3-6). This height is given by

SHOB = HOB x Y "1/3 (11)

where Y is the yield of the weapon in kilotons and both the scaled height of burst, SHOB,
and height of burst, HOB, are in feet. Air bursts at or above this height may be described by
a single lognormal distribution. Heft proposed that surface bursts, tower bursts and air
bursts where soil is entrained in the fireball might be described by a linear combination of
two lognormal distribution functions, one to represent the device debris and vaporized soil,
&y, and one to represent completely or partially melted soil and tower materials, &, (11:254).
The cumulative activity-size distribution, A (r), which is simply the fraction of activity

carried by particles of radius less than r, is then given by

T ) o

A=A _[ a (1) dr+f1, .L a, (r')dr (12)

0
where f, + f, = 1 and g, (r') is related to n, (r) as in equation (10).

Subsurface bursts might be described by a linear combination of three lognormal
distributions. The third component seems to result "from soil material which interacted with

the fireball at high temperature but which was separated from the fireball early” (11:256). In

this case

T I r
A =1 fo a, (f)dr' +f, Jo 8, (r)dr' +1, fo a, (r) dr (13)

7



whﬁl'cfl+f2+f3=1.

Power-Law Distributi
Another number-size distribution function is the power-law distribution. Russell
suggested the activity-mass distribution in prompt fallout is roughly a constant over a wide

range of particle sizes (7:4). This is equivalent to an > number-size relationship. To
generalize this power-law relationship the number-size density function may be given by

n()dr=N,r"dr (14)

where N is a normalization constant. If n i positive then a minimum radius, r_; , is
required to keep n (r) finite as r approaches zero. If n <4 then a maximum radius, r, ., is
required in order to normalize the mass-size distribution, the third moment of the
number-size distribution.

Equations (4) and (6) representing the surface and volume activity-size distributions
respectively are equally valid for the power-law distribution. Equation (14) is used for n (r).
These activity-size distributions may be normalized as in equation (3) by noting thatn (r) = 0
whenr>r orr<r .. Equations (12)and (13) describing multiple distributions are also
valid for power-law distributions.

In general the cumulative activity-size distribution, A (r), for the k-th moment of the

power-law distribution, n 2 k + 1, is given by

A =K[l‘k'“+1 3 k-n+l] (15a)

where x=[r__ Ko+l _ ¢ . k041753 normalization constant. Whenn=%k + 1,
max min

AM=xin{r/ry ] (15b)




where now X=In[r,_, /r... ]is the normalization constant.

Hyhrid Distributi

The particle size distribution may be given as a hybrid distribution described by a
lognormal distribution below a given radius, r,, and a power-law distribution above that
radius, Whenr<r,,

n(mdr=N(r, /1)@, /1, )*V2exp[-12({Inr-inry }/B)2] dr (16a)

and whenr, 2r2r_,.,

n(r)dr=N,(r/r, )"dr (16b)
(20:21). N, is a normalization constant. The transition radius, r, may be found by
requiring that the number-size distribution and its first derivative be continuous atr,. This
radius is given by

fo=r,expf (n-1)p2]. 17)

Once again, if n < 4, a maximum radius, r,_, , is required to normalize the mass distribution.

This radius is given by
Toax =T exp[v2r B (1-f )/2f ] (18)

where f_ is the fraction of mass carried by particles smaller thanr,. Once again equations

(4), (6), (12) and (13) are also valid for this distribution.




P (p { Distributi

A number of single lognormal particle size distributions have been proposed for Nevada
soil. These are summarized in Table 1. Note that while these distributions propose very
different values for the parameters r,, and B, they predict values for r, ; over a relatively
narrow range spanning less than a decade on a logarithmic scale. As shown in Figure 1,2
single lognormal distribution which is the 5/2 moment of the number-size distribution, n (r),
is an approximatdn of a (r). Cumulative log-probability plots of these proposed lognormal
distributions are shown in Figure 2.

Parameters have been proposed for other distributions. Russell suggested a power-law
distribution with an exponent of 3 (7:4). Nathans has suggested that the size distribution is a
hybrid distribution that is lognormal below about 3 1 while obeying a power-law with an
exponent between 3.3 and 4.4 from 3 to about 70 . (15:360,370). Turco et al adapted a
hybrid distribution from Nathan's work with a lognormal median radius of 0.25 p, slope of
In 2 and a power-law tail with an exponent of 4. They chose f  to be 0.084 (20:21).

10




Iable 1: Proposed Lognormal Parameters
Nevada Soil

NRDL-N61

NRDL-D 0.01 5.42 12.6
DELFIC 0.204 4 249
WESG 10.6 2 35.2
Huebsch (3) 0.021 5.42 26.5
Henriques & Richards (3) 0.16 4.48 442

Source: Reference (5:11) except where otherwise noted.
T Calculated from equation (10).
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1. Method

In this chapter we will examine the method utilized in this study to determine which, if
any, of the particle size distributions discussed in Chapter II best describe the local fallout
data. The emphasis will be on the lognormal and power-law distributions. These methods
may be applied to the hybrid distribution though the computations required to obtain the
parameters of that distribution are much more difficult.

Contour Integration

The on- and off-site iso-dose rate contours and arrival time curves from reference (10)
were digitized to permit integration of total activity grounded to successive arrival time
curves. The on- and off-site iso-dose rate contours were integrated to successive arrival
times to give J (t) in r-mi%hr. It will be shown that this quantity is proportional to the
amount of activity grounded 2: time t. The integration was trapezoidal, linearly interpolating
between contours. Examples of on- and off-site iso-dose rate contours for Operation
BUSTER-JANGLE Sugar are shown in Figures 3 and 4 (10:56-57).

Another technique has been used to integrate fallout contours. Tompkins (19) and others

have found J from

1)
I =LA @ Ld(in I (19)

where A (I) is the area enclosed by the iso-dose contour of intensity Iand L, is the
maximum intensity in the fallout field. J is obtained graphically by plotting the product
A (I) I versus In L ] is then simply the area enclosed by this curve. While this method might

produce more reliable results, it was not appropriate for this study because it does not permit

13
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Figure 4: Off-Site Iso-Dose Rate Contours
BUSTER-JANGLE Sugar
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determination of the time-dependence of the fallout.

L. Gt and A lr (1)]

The result of the contour integration, J (), might be thought of as the dose rate that
would be measured at one hour after the burst three feet above the center of a one-square mile
area if all the activity grounded at time t were distributed uniformly over that area. This
quantity is divided by the yield of the weapon in kilotons and an effective source
normalization constant to give the fraction of activity grounded as & function of time, G (1).
These results are presented in Appendix B.

G (t) can be translated into A [r ()}, the fraction of activity carried by particles of radius
less than r, also called the cumulative activity-size distribution, by noting that, with the

assumptions below,

L .
G(t)=.[o g)d'=1-Afr(n) ‘er a(r)dr (20)

(3,4:207,210) where g {t') is the fractional rate of activity arrival on the ground at time t' and

a (r) is the activity-size density function,

Asrumptions

A number of assumptions were made in this study in order to extract a particle
number-size distribution from the local fallout data. These assumptions are:

1. The altitude of activity lofted into the stabilized cloud is the bottom of the visible
cloud. In several instances this had to be estimated from the available cloud top height and
the dimensions of clouds produced by similar bursts.

2. The mean elevation of the Nevada Test Site, the elevation at wnich particles

16
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grounded, was taken to be 1200 meters.

3. Particles fell through a U. S. Standard Atmosphere (21,22:2-9) with the velocity
predicted for spherical particles by Davies-MacDonald fall mechanics (4:212) in the absence
of vertical air movement.

4. Attime t when particles with radius r (t) are grounding, all particles with radii greater
than r (t) are on the ground and all particles with radii less than r (t) are not. This is the
"pancake cloud" approximation.

S. All activity inside a given arrival time curve grounded before that time and all activity
outside that arrival time curve grounded after that time.

6. Unless stated to the contrary in reference (10), neutron-induced radiation did not
contribute significantly to on-site dose rates. If the on-site activity was noted to be primarily
due to neutron-induced radiation, then 10% of the on-site activity was assumed to be due to
the fission products.

7. The source normalization constant was taken to be 2350 r-mi%/hr-kt (4:208).
Fractionation is not treated explicitly.

8. The activity-size distribution is approximated by the 5/2 moment of the number-size
distribution (3).

Taken together these assumptions result in a two-dimensional cloud that becomes
stratified according to particle size. The particles sediment under the influence of gravity and
horizontal winds such thal successively smaller particles are grounding at increasing times t.
These approximations are least valid at early times when cloud growth and other
hydrodynamic processes dominate particle motion. They are most valid when the downwind

distance exceeds about two cloud diameters (4:215).

p ] | Distributi
The lognormal distribution may be transformed into the better known normal distribution

17




by substituting z (t) = [Inr (t) - In 1, ¢ ] /  into Equation (20) with a (r) given by

a(dr=_1_exp[-12({Inr-Inr,5}/P)2] dnn) 21)
Ix B

The fraction of activity carried by particles larger than those grounding at time t, A [r (1)),
then becomes

z()
ArO)=)_ 1 ewprnz)e @)
=

This is simply the cumulative normal function. Since A [r (t)] is known for each time t, the
value of the upper limit of integration may be found (12:MDNRIS-1). The values of the

parameters r, ¢ and P are then found from & linear least-squares fit, of the data in Appendix
B, of the form

y=mx+b (23)

whereyisz (t), xislnr(t), mis 1/Bandbis -Inr,/B.

A linear combination of two lognormal distributions is defined by five parameters (r,,,,
Byt By, £)). If the parameters of one distribution and the partition of activity between the
two distributions are fixed, then the parameters of the second distribution may be readily
found. Baker's propcsed distribution for long-term stratospheric activity-bearing debris, 1,
of 0.1 pand B, of in 2 (2), was chosen to represent the device debris, n; (r). By varying the
fraction of activity carried by these particles, f,, a set of parameters to describe the second

distribution, n, (r), may be found by the method outlined previously by noting that

18

P




AEOI=1-({GO-,) 3 Odr}/E) @4

Itis important to note that a different r_; and B, will be found for each choice of r,,;, B, and
f,.

P f Other Distribut

Parameters of other distribution functions cannot be found as easily as the parameters of
the lognormal distribution. Fitting these other distributions requires varying the parameters
of the chosen distribution until the best agreement with the data is achieved. Since the
uncertainty in the data is so great and there are so many parameters to be determined, this
parameter variation will often result in more than one possible set of parameters for each test
examined.

The power-law distribution may be fit to the data by using equations (15) with k = 2.5,

assumption (8), to find that, when n # 3.5,
1-GM=Ar@®l =x[r@’5t-r , 350] (252)
where K = (1, 3581 . 359)-!i5 a normalization constant. When n = 3.5,
1-GO=A[r®=KIn[r®/r] (25b)

where now k' =In[r_,. /r . ]is the normalization constant. Na*hans in his studies of
nuclear air burst debris rarely observed particles smaller than 0,01 p (14). This value was
chosen forr, . . The remaining parameters, r,,, and n, were varied until best agreement

with the data was found. This was done by minimizing a figure of merit given by

19




N
fom =2 | A [r (4))gua- A [ e | 26)

i=1

where N is the number of data for the test under consideration and A [r (*)],;. is calculted
using the selected values for the parameters nandr,_, . The parameters of the hybrid
distribution, r_, B, f, and n, may be found by varying these parameters in a similar manner.

Di .

There are advantages and disadvantages to this local fallout, or macroscopic, approach to
particle size distribution determination. The most important advantage of this method is therc
are no sampling or counting biases to be corrected for. It is based on the activity measured
on the ground for a number of atmospheric nuclear tests. There are, however, several
significant disadvantages to this method.

The off-site iso-dose contours were often based on a limited number of measurements
and are therefore less reliable than the on-site contours, This is significant because, as can be
seen in Figure 4, the time-dependence of the activity deposition is obtained primarily from
the off-site contours. Another source of uncertainty is the arrival time curves. These were
not based on detailed observations of the cloud or the observed onset of activity arrival on the
ground. They were computed from wind data and available monitoring information and are
intended to give only a rough average of arrival time (10:3).

The most severe limitation is that this method attempts to postulate a particle size
distribution indirectly, that is without actual measurements of fallout particles. Thus this
approach cannot alone conclusively establish a particle size distribution. At best it can
validate distributions that have been obtained by direct methods.

Lastly, a number of the assumptions that were made to obtain the desired information

about the particle number-size distribution, particularly assumptions (4), (5) and (8), are

20




crude simplifications of the fallout physics. This model ignores the three-dimensional
geometry of the radioactive cloud and many of the physical processes occurring during the
rise and stabilization of the cloud. A more rigorous treatment certainly is possible, though
computationally much more difficult. Such a treatment would also be limited by the
tremendous uncertainty in the local fallout data. Thus confidence in the results would only
be marginally improved.

21




Definiti

The fraction of activity grounded at time t, G (t), was found by dividing the result of the
numerical integration of the iso-dose rate contours, J (t), in units of r-mi%/hr, by an effective
source normalization constant, K, and the yield of the device in kilotons. This constant is the
dose rate that would be measured one hour after burst three feet above a smooth, one-square
mile plane if ali the activity from a one-kiloton fission device were spread uniformly over that
surface (9:454). From this definition it may be seen that G (t) may also be called the
“fraction of the device" (8:2) grounded at time t.

A surface roughness factor o, & < 1, corrects for the reduction in dose rate caused by
self-shielding over a real surface as compared to an ideal planar surface. The effective source
normalization constant is related to the ideal value by

K=ok, 27

where K, is the value of the constant for an ideal smooth surface.

Fractionati
This definition of source normalization constant is strictly valid only in the absence of
fractionation. This is because fractionation may cause the fraction of one component of the
debris that has fallen to ground at any time t to be different than the 1-action of some other
component of the debris. Freiling suggested the term "fraction of the device" could be
replaced by the fraction of sonie component of the debris. One component is chosen as a
reference and the abundance of other components is related toit. He chose the mass-95

chain as the reference component (8:2,8-9).
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The model used in this study does not treat the fractionation phenomena explicitly. To
do so would require adding many more variables to an already ill-posed problem. The
correlation of relative isotopic abundance to particle size and yield of the device is poorly
understood. The local fallout data used in this study is also not well-established. To treat
fractionation explicitly would greatly complicate the size-distribution calculations without

increasing the confidence in the results.

Lower Bound

A wide range of values for the source normalization constant have been reported. These
are summarized in Table 2. Clearly this factor will have an impact on the computed fraction
of activity grounded at any time. A lower bound on this constant may be found by noting
that for Operation TEAPOT Ess G (10 hrs) was found to be 2213 r-mi%/hr. Since the yield
of this burst was 1 kiloton (10:201), the source normalization constant, K, must be at least
2213 r-mi%/hr-kt.

Note that this lower bound is valid only for the Nevada Test Site or similar terrain. A
different surface roughness factor, o, for another location would produce a different

effective source normalization constant K.

23




Table 2: Source Normalization Constant

Surface Roughness Factor Included
K. (-mi%hr-kt)
LRL-h 2700
Dropsy 2585
NREC 2500
WSEG 2400
DELFIC (4:208) 2350
Tompkins (19:10) 1725
RAND 1200
DIA 1100
NRDL-D 1093
USWB 1025

Source: Reference (17:18) except where otherwise noted.
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V. Results

The results of the integration of the iso-dose rate contours to successive arrival times and
the particle radii corresponding to these arrival times are presented in Appendix B. These
results were analyzed using the methods outlined in Chapter III to find the parameters of
lognormal and power-law distribution that best describe these data. The results are compared
to the lognormal and power-law distributions presented in Chapter I1.

Single Distribut

Lognormal distribution parameters for two air and two tower bursts are presented in
Table 3. 1t should be noted that the remaining air and tower bursts may not reasonably be
described by a single lognormal distribution. Clearly unreasonable median radii were found
for the remaining bursts. For example, r,, for PLUMBBOB Priscilla is found by this
method to be 4.6x109 . This is smaller than the magnitude of atomic dimensions, an
obviously a2 non-physical result. Power-law distribution parameters for these bursts are
presented in Table 4.

The surface and subsurface bursts examined may be described by a single lognormal
distribution as summarized in Table 3. The median radii of the activity distribution, r, ¢,
found for shois BUSTER-JANGLE Sugar and Uncle are consistent with the proposed
distributions for Nevada soil contained in Table 1. TEAPOT Ess may not be consistent
because it was buried significantly deeper than was Uncle. These bursts may also be
described by a power-law distribution. Table 4 shows these parameters for surface and
subsurface bursts. Figures 5-7 show graphically how the lognormal and power-law

distributions describe the data for TEAPOT Ess and BUSTER-JANGLE Uncle and Sugar.
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Table 3: Lognormal Parameters
. (Single Distribution)

| Median Radius, r,, (1) exp(R) Activity Median, ry 5 (1)

Subsurface

TEAPOT Ess 0.00045 105 470

BUSTER-JANGLE Uncle 1.1 3.6 70
Surface

BUSTER-JANGLE Sugar 0.027 5.7 56
Tower

TEAPOT Met 0.098 34 4.3

UPSHOT-KNOTHOLE Harry 0.069 3.8 5.9
Air

HARDTACK II Lea 0.051 2.9 0.85

. PLUMBBOB Doppler 0.0064 37 0.42
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Table 4: Power-Law Parameters

(Single Distribution)
Min Radius (1) Max Radius (1)

Subsurface
TEAPOT Ess 0.01 510
BUSTER-JANGLE Uncle 0.01 100

Surface
BUSTER-JANGLE Sugar 0.01 170
PLUMBBOB Coulomb B 0.01 900

Tower
TEAPOT Hornet 0.01 550
TEAPOT Bee 0.01 380
TEAPOT Appic 0.01 340
PLUMBBOB Shasta 0.01 440
TEAPOT Met 0.01 130
UPSHOT-KNOTHOLE Nancy 0.01 440
TEAPOT Apple I 0.01 500
UPSHOT-KNOTHOLE Harry 0.01 120
UPSHOT-KNOTHOLE Simon 0.01 690

Air
PLUMBBOB Lea 0.01 80
PLUMBBOB Morgan 0.01 300
PLUMBBOB Owens 0.01 160
PLUMBBOB Stokes 0.01 195
UPSHOT-KNOTHOLE Grable 0.01 190
PLUMBBOB Stokes 0.01 195
PLUMBBOB Prisciila 0.01 120
PLUMBBOB Hood 0.01 420
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Exponent

2.5
2.35

290
3.45

3.70
3.85
3.90
3.75
3.75
3.80
3.85
3.60
3.65

4.30
4.15
4.15
4.50
4.20
4.50
4,10
4.35
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Figure §: Lognormal and Power-Law Fits to Local Fallout Data
Operation TEAPOT Ess
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Operation BUSTER-JANGLE Uncle

29

0.98




PARTICLE RADIUS (MICRONS)

o ~DATA - NO CURVE
o = LOGNORMAL
a = POWER-LANW

100

10

0.02 0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0,80 0.0 0.95

CUMULARTIVE A(R)

Figure 7: Lognormal and Power-Law Fits to Local Fallout Data
Operation BUSTER-JANGLE Sugar

30

0.98

J— - v, il




Two Distributi
' For bursts at scaled heights of bursts below 700 feet there is an unlimited set of
parameters (r,,;, By, Iy By, f;) that will describe the fallout data. One possible choice for
thesc parameters is presented in Table 5 and shown graphically in Figures 8-10 for surface,
tower and air bursts. The values presented in Table 5 were obtained by selecting r_, 0f 0.2
M and using Baker's distribution, r,, of 0.1 W and B of In 2 (2), to represent n;. Baker's
distribution was chosen to represent n, because it is in reasonable agreement with the results
for the air bursts HARDTACK II Lea and PLUMBBOB Doppler. There is no special
significance to this choice of r_, as corresponding values of f, and B, may be found for other
valucs of r_,. Rather, this table is intended to demonstrate that local fallout from these
classes of bursts may be described by a linear combination of two lognormal distributions.
Interestingly, the average slope of the second distribution, B, of 4.2, is remarkably similar to
the slope of DELFIC default distribution (Table 1) for land surface detonations.

As expected, Figure 11 shows thut f, generally decreases with scaled height of burst. In
P other words, the fraction of activity carried by device debris increases with scaled height of
burst.

It was shown previously that a subsurface burst may be described by a single lognormal
distribution. It may also, as Heft suggests (5:256), be described by a linear combination of
three lognormal distributions. Eight parameters are required to describe this distribution.
Not surprisingly, many sets of such parameters were found. The partitioning of activity
among three different distributions is even more uncertain than was the case for above

ground bursts.

Di .
For air bursts the fraction of activity grounded in the time considered never exceeded

0.9%. This is insufficient to make reliable conclusions about the particle size distribution of
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Table §: Lognormal Parameters
(Two Distributions)

T =011, 8,=In2

Eraction a,.f- Median radius, r,.» (1) Mz)

Surface
PLUMBBOR Coulomb-B 0.214 0.2 4,7
BUSTER-JANGLE Sugar 0.924 0.2 4.6
Tower
! TEAPOT Hornet 0.115 0.2 52
TEAPOT Bee 0.0282 02 6.0
TEAPOT Apple 0.0404 0.2 44
PLUMBBOB Shasta 0.0994 0.2 4.8
UPSHOT-KNOTHOLE Nancy 0.0871 02 43
TEAPOT Apple II 0.0852 0.2 4,1
UPSHOT-KNOTHOLE Hamry 0.703 0.2 34
. UPSHOT-KNOTHOLE Simon 0.195 0.2 3.6
Air
PLUMBBOB Morgan 0.00583 0.2 47
PLUMBBOB Owens 0.0407 0.2 32
UPSHOT-KNOTHOLE Grable 0.0240 0.2 34
PLUMBBRBOB Stokes 0.00036 02 4.1
PLUMBBOB Priscilla 0.0366 0.2 33
PLUMBBOB Hood 0.00212 02 4.0
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activity-bearing debris produced by this type of burst. It may be said that, since at 12 hours
most particles larger than 20 ) have grounded, more than 99% of the activity is carried by
particles smaller than 20 p. This is consistent with Baker's proposed lognormal distribution
for long-term stratospheric debris (2).

Tower bursts produced more fallout than did air bursts by a factor of about ten, but there
was still insufficient fallout to make any reliable conclusions abcut the size distribution of the
debris. Any such results would liksly be of questionable utility in operational fallout
prediction models because of the presence of melted and vaporized tower materials in the
radioactive debris. These materials may or may not follow the distribution of debris from an
air or surface burst,

If we combine the observations of Heft (10:254) and Yoon (23:3-6) presented on page
7, we might not be surprised that all but three air and tower bursts occurring below a scaled
height of burst of approximately 700 feet cannot be reasonably described by a single
lognormal distribution function. Interestingly, the two air bursts that could be described by a
single lognormal distribution, HARDTACK II Lea (SHOB 1341 feet) and PLUMBBOB
Doppler (SHOB 674 feet), were close to or above that altitude. While these distributions
seem to be quite different than Baker's distribution (2), all three predict a median radius of
the activity distribution, r, , of within a factor of 2 of 0.5 .

In the case of surface and near-surface bursts it appears that, consistent with Heft's
observations (10:254), local fallout from these types of bursts may be modeled by a linear
combination of two lognormal distributions. The parameters of these distributions are very
uncertain as many sets of these parameters will describe the local fallout data. The partition
of activity between the two distributions is also uncertain. While Figure 11 shows a definite
trend for air and tower bursts, there is no local fallout data in the range of scaled heights of
bursts from 5 to 80 feet to yield information on the partitioning of activity in the transition

region between surface and air bursts.
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The power-law distribution will describe the local fallout data for each of the bursts
studied. The exponents, n, found are remarkably consistent within ¢ach class of bursts
examined; however, in many cases artificially small maximum radii found. Particles much
larger than 200 | have bee. observed for a large number of bur<ts all types. This may be
corrected by not fixingr_ . at 0.01 L. Larger values are then found for all three parameters.
But minimum radii are then found to be in the range from 0.5 to 1.0 i and smaller particles
have been observed.

Baker has shown that the r® distribution observed by Nathans (15) may be a product of
the assumed initial spatial distribution of activity in the stabilized cloud (2). He demonstrated
that a lognormal particle number-size distribution, distributed normally in the vertical
direction, can produce, at times after cloud stabilization, an apparent power-law distribution
at sampling altitudes beneath the radioactive cloud. Freiling studied the power-law and
lognormal distributions and concluded the difference between these distributions is "trivial”
(7:12). Figures 5-7 clearly show that, as Freiling predicts, both a power-law and lognormal
distribution may describe the surface and subsurface burst data over the range of particle
sizes considered in this study. The lognormal distribution may be preferred because it does
not require artificial terminal radii.

It cannot be overemphasized that these results for air and tower bursts are based on a
very small fraction of the activity produced by these bursts. The results presented in Table 5
for surface, tower and air bursts are based on one choice for Ty T @0d Bl and are not
intended to be the definitive values. Other choices are certainly possible and would be
equally valid. Likewise, no one set of parameters can be chosen for subsurface bursts. One
must conclude that local fallout data alone is not enough to determine the values of these

parameters.
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D Implications

If Heft's multi-distribution model is correct as this research suggests, then there are
some obvious implications for local fallout modeling, If Baker's distribution, or some
similar distribution, correctly describes the vaporized soil and bomb debris, then this class of
particles will not contribute significantly to local fallout. Local fallout would then be
produced almost exclusively by the serond class of particles, the unvaporized soil.

This suggests two options for modeling local fallout. One method would be to explicitly
consider two distribution functions. The other approach would be to ignore the bomb debris
and vaporized soil and consider only the unvaporized soil. The source normalization
constant may then be adjusted to account for only the fraction of activity available for local
fallout, i.e. the activity carried by the unvaporized soil. This is essentially what is done by
models that use smaller source normalization constants, Table 2, than the lower bound on

that quantity proposed in Chapter 4.

Since the first distribution does not contribute to local fallout, the extent of local fallout
will be strongly dependent on the fraction of activity carried by the second distribution, As
can be seen in Figure 11, this partitioning of activity between the two distributions is a strong
function of scaled height of burst. This relationship and the parameters of the distribution
functions need to be better understood in order to predict local fallout with confidence,
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V1. Conclusions

Iso-dose ratc contours from atmospheric nuclear tests were integrated to obtain
information about the size distribution of nuclear debris. Several assumptions were made to
extract a number-size distribution from the fallout data.

Air and tower bursts produced insufficient local fallout to make any determinations about
the size distribution of particles produced by these types of bursts.

Surface and subsurface bursts may be modeled by a single lognormal distribution, a
linear combination of two or more lognormal distributions, or a power-law distribution. The
power-law distribution may require an artificially large r,, or smallr . and is not preferred.

The local fallout data did not yield conclusive information on the parameters of the size
distribution of nuclear debris. The nature of the distribution function was not established but
a lincar combination of lognormal distributions holds the most promise. The evidence
suggests that most of the activity produced by an air burst, more than 99%, is carried by
particles smaller than 20 ). For surface and shallow subsurface bursts approximately half of
the activity is carried by particles smaller than about 60 .

Bursts below a scaled height of burst of 700 feet might be described by a linear
combination of two lognormal distribution functions. The bomb debris and vaporized soil
might be defined by a small median radius and geometric standard deviation. Baker's
distribution, r, of 0.1 j and P of In 2, is one such distribution. Soil entrained in the fireball
but not vaporized might be defined by larger parameters, ¢.g. the DELFIC distribution, r_ of
0.204 p and P of In 4. The fraction of activity carried by the latter distribution decreases
rapidly with scaled height of burst. Bursts above a scaled height of burst of 700 feet might
be described by a single lognormal distribution, e.g. Baker's distribution.

The source normalization constant, including the surface roughness factor, was found to

be at least 2210 r-mi%/hr-kt for the Nevada Test Site. This is significantly larger than several
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previously reported values.

Itis believed that further study of the particle size distribution question is warranted.
The method used in this research holds little promise given the narrow range of particle sizes
over which information may be obtained, from about 15 to 140 , and the tremendous
uncertainty in the data. Further study of cloud and ground samples, using modern ashing,
separation and microscopy techniques, would likely be more fruitful.
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Series
Subsurface Bursts
TEAPOT
BUSTER-JANGLE
Surface Bursts
PLUMBBOB
BUSTER-JANGLE
Tower Bursts
TEAPOT
TEAPOT
TEAPOT
PLUMBBOB
TEAPOT
UPSHOT-KNOTHOLE
TEAPOT
UPSHOT-KNOTHOLE
UPSHOT-KNOTHOLE

Appendix A - Tests Studied

Ess
Uncle

Coulomb B
Sugar

Homet
Bee
Apple
Shasta
Met
Nancy
Apple I
Harry

Simon

A-1

Xacld (kt) (10)

1.2

0.3
1.2

14
17
22
24
29
32
43
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J

Air Bursts
HARDTACKII
PLUMBBOB
PLUMBBOB
PLUMBBOB
UPSHOT-KNOTHOLE
PLUMBBOB
PLUMBBOB
t LUMBBOB

Shot Xicld (kt) (10)
Lea 1.4
Morgan 8

Owens 9.7
Doppler 11

Grable 15

Stokes 19
Priscilla 37

Hood 74

These tests were selected utilizing the following criteria:

‘ 1. Weli-behaved iso-dose rate contours and arrival time curves.
P 2. Availability of data on burst conditions, e.g. yield, height of burst, cloud
dimensions, test environment (tower, balloon, surface, subsurface).

3. Selection of a wide range of yields and heights of burst.

A-2
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Appendix B: Results of Contour Integration

This appendix contains the results of the numerical integration of the iso-dose contours
for each busst studied. The results appear in the same sequence as the bursts were listed in
Appendix A.

The header information, i.e. yield, cloud dimensions, and heights of burst, was obtained
from reference (10). The scaled heights of burst were found using equation (11). Cloud
bottom heights in parentheses were estimated from the dimensions of similar bursts.

Time is the arrival time of fallout in hours. r (t) is the radius, in microns, of particles
falling to ground at time t from the bottom of the visible cloud. J (t) is the result of the
numerical integration of the contours out to arrival time t. G (t) is found by dividing J (t) by
the effective source normalization constant K, taken here to be 2350 r-mi/hr-kt (4:208), and

the fission yield of the weapon in kilotons.




Shot: Ess
Yield: 1 Kiloton
Cloud Bottom Height: (feet) (9000)  Height of Burst: (feet)
Cloud Top Height: (feet) 12500  Scaled HOB: (feet)
Time (hr) L (W) L) (r-mi%/hr)

1 39.2 2020.5

2 26.7 2075.0

3 21.4 2114.4

4 18.4 2149.2

5 16.4 2173.8

6 149 2185.1

7 13.8 2194.1

8 12,9 2201.7

9 12.1 2208.4

10 11.5 2212.9

B-2

0.860
0.883
0.900
0.915
0.925
0.930
0.934
0.937
0.940
0.942

-67
-67



Shot: Uncle
Yicld: 1.2 Kilotons

Cloud Bottom Height: (feet) (8000)
Cloud Top Height: (feet) 11500
Time (hr) o () L)

1 35.2

2 23.8

3 19.1

4 16.4

5 14.7

6 13.4

7 12.4

8 115
B

Height of Burst: (feet)
Scaled HOB: (feet)

(r-mi%/hr)
1968.2
2244.8
2403.1
2469.6
2506.6
2532.8
2556.1
2593.5

-3

0.698
0.797
0.852
0.876
0.889
0.898
0.906
0.920




Shot: Sugar
Xicld 1.2 Kilotons
Cloud Bottom Height: (feet) 11000  Height of Burss: (feet) 3.3
Cloud Top Height: (feet) 15000  Scaled HOB: (feet) 3.3
Time (hr) IR L) (r-mi%/hr) G

1 49.2 1483.3 0526

2 322 1783.6 0.632

3 25.6 1856.4 0.658

4 219 1970.4 0.699

5 19.4 2066.6 0.733

B-4




Shot: Coulomb B

Yicld: 0.3 Kilotons
Cloud Bottom Height: (feet)
Cloud Top Height: (feet)
Time (hr) L (W
1 67.3
2 416
3 327
4 27.8
5 24.6
6 223
7 20.5
8 19.1
9 17.9
10 17.0
11 16.2

(15000)  Hcight of Burst: (feet)
18000 Scaled HOB: (feet)

L(t) (r-mi%fhr)
87.6
93.2

103.9
110.3
115.8
119.5
122.3
124.4
126.2
127.2
127.5

B-5

0.124
0.132
0.147
0.156
0.164
0.170
0.174
0.176
0.179
0.180
0.181

4.5



Shot: Hornet

Yicld: 4 Kilotons
Cloud Bottom Height: (feet)
Cloud Top Height: (feet)
Time (hr) L ()
1 117.2
2 67.8
3 50.7
4 424
5 37.0
6 33.2
7 304
g 28.2
9 26.4

27800  Height of Burst: (feet)
37000  Scaled HOB: (feet)

L (r-mi%/hr)
715.5
759.7
791.7
828.8
850.2
876.4
932.3
969.2
994.4

B-6

0.076
0.081
0.084
0.088
0.090
0.093
0.099
0.103
0.106

300
189



Shot Bee

Yicld: 8 Kilotons
Cloud Bottom Height. (feet)
Cloud Top Height: (feet)
Time (hr) (T
1 123.0
2 70.8
3 52.7
4 440
5 383
6 344

29500  Heightof Bumst: (feet)
39700  Scaled HOB: (feet)

L} (r-mi%/hr)
428.1
474.7
431.0
487.0
494.0
504.2

B-7

0.023
0.025
0.026
0.026
0.026
0.027

500
250



Shot. Apple 1

Yield: 14 Kilotons
Cloud Bottom Height: (feet)
Cloud Top Height: (feet)
Time (hr) L
1 979
2 5717
3 44.1
4 370
5 324
6 29.2
7 26.8

22600  Heightof Buxst: (feet)
32000  Scaled HOB: (feet)

L(s) (r-mi?/hr)

399.0
582.0
669.6
733.2
7815
821.7
848.7

B-8

0.012
0.018
0.020
0.022
0.024
0.025
0.026

500
207



Shot: Shasta
Yicld 17 Kilotons

Cloud Bottom Height: (feet) 16000  Height of Burst: (feet) 500
Cloud Top Height: (feet) 32000  Scaled HOB: (feet) 194

Time (hr) G L40) (r-mi%fhr) G@®

1 71.6 231C.7 0.058

1.5 53.0 25206 0.063

2 440 2795.0 0.070

3 344 2984.7 0.075

4 29.1 3018.9 0.076

5 25.1 3106.1 0.078

6 233 3208.8 0.080

7 214 3281.6 0.082

8 19.9 3331.6 0.083

9 18.7 3368.1 0.084

10 17.7 3429.2 0.086

11 16.9 3503.7 0.088

B-9
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Shot: Met
Xield 22 Kilotons

Cloud Bottom Height: (feet) 31800  Heightof Burst: (feet) 400
Cloud Top Height: (feet) 40300  Scsled HOB: (feet) 143
Time (hr) L (W 148} (r-mi%/hr) G@m

1 130.9 151.5 0.003

2 74.9 421.8 0.008

3 55.3 867.1 0.017

4 46.1 1583.1 0.031

5 39.8 1845.6 0.036

6 36.0 2031.7 0.039

B-10




Shot: Nancy

Yiekk 24 Kilotons
Cloud Bottom Height: (feet)
Cloud Top Height: (feet)

Time (hr) L) ()

1 110.5

2 64.4

3 48.5

4 40.1

5 354

7 31.8

P 8 29.2
9 27.1

10 25.4

26000  Height of Burst: (feet) 300

41500  Scaled HORB: (feet)

L) (r-mi%hr)
1393.1
1834.0
2209.3
2542.2
2606.9
2832.0
3041.8
3164.9
3208.3

B-11

104

0.025
0.033
0.039
0.045
0.046
0.050
0.054
0.056
0.057



Shot: Apple Il
Xicld: 29 Kilotons

Cloud Bottom Height; (feet) 34500  Height of Burst: (feet) 500
Cloud Top Height:  (feet) 51000  Scaled HOB; (feet) 163
Time (hr) L (W L) (r-mi¥hr) G

1 140.0 613.2 0.009

2 79.5 1382.5 0.020

3 588 1775.3 0.026

4 48.5 2085.5 0.031

5 422 2206.6 0.032

6 37.8 2333.9 0.034

7 34.5 2490.1 0.037

8 31.9 2567.7 0.038

9 29.9 2638.8 0.039

10 282 2700.9 0.040

11 26.8 2758.5 0.040

B-12




Shot: Harry

Yicid: 32 Kilotons
Cloud Bottom Height: (feet)
Cloud Top Height: (feet)
Time (hr) o) ()
2 67.2
3 50.3
4 420
5 36.7
6 33.0

27500  Heightof Bust: (feet)
42500  Scaled HOB: (feet)

L) (r-mi/hr)

2571.2
3860.9
5308.9
6593.8
7184.8

B-13

0.034
0.051
0.071
0.088
0.096

300
94




Shot: Simon

Yicld: 43 Kilotons
Cloud Bottom Heicht: (feet)
Cloud Top Height: (feet)
Time (hr) (Y
1 128.2
2 73.5
3 54.6
4 45.4
5 39.3
6 355
7 324
8 300
9 28.1
10 26.6

31000  Hcight of Burst; (feet)
44000  Scaled HORB: (feet)

L(D) (r-mi%/hr)
7102.8
9364.7

10770.6
11635.5
12592.5
13413.9
14033.9
14212.1
14228.1
14235.1

B-14

0.070
0.093
0.107
0.115
0.125
0.133
0.139
0.141
0.141
0.141

300
86




Shot: Lea

Yicld: 1.4 Kilotons
Cloud Bottom Height; (fect)
Cloud Top Height: (feet)
Time (hr) LW
2 34.8
3 27.5
4 23.5
5 20.9
6 18.9
7 17.4
8 16.3
9 15.3
10 14.5
11 13.8
12 13.2
13 12.7

12000  Heightof Burst; (feet)
17000  Scaled HOB: (fee::

L(0) (r-mi?/hr)
1.45
1.52
1.88
2.88
4.46
5.91
8.09

10.87
13.40
15.97
18.45
20.81

B-15

0.00v
0.000
0.001
0.001
0.001
0.002
0.002
0.003
0.004
0.005
0.006
0.006

1500
1341



Shot: Morgan
Xicld.

Cloud Bottom Height: (feet)

8 Kilotons

Cloud Top Height: (feet)
Time (hr) ) (W
1 110.5
2 64.4
3 48.5
4 40.1
5 354
6 31.8
7 29.2
8 27.1
9 25.4
10 24.0

26000  Heightof Bumst: (feet)
40000  Scaled HOB: (feet)

L) (r-mi%hr)
53.21
57.10
64.64
69.91
74.00
76.68
79.42
82.66
84.95
87.66

B-16

0.003
0.003
0.003
0.004
0.004
0.004
0.004
0.004
0.005
0.005

500
250




Shot: Owens
Yield:

Cloud Bottom Height: (feet)

9.7 Kilotons

Cloud Top Height. (feet)

Time (hr)

(=T - NS R - T I R L

[ T R
No= O

L W)
87.9
52.2
39.9
340
299
27.0
24.8
231
217
205
21.8
20.9

20000  Heightof Burst: (feet)
35000  Scaled HOB: (feet)

L(t) (r-mi%fh)
21.21
28.97
4144
49.71
70.98
82.86
99.56
127.13
149.79
172.24
19331
214.17

B-17

0.001
0.001
0.002
0.002
0.003
0.004
0.004
0.006
0.007
0.008
0.008
0.009

500
234



Shot: Doppler
Yicld: 11  Kilotons

Cloud Bottomn Height: (feet) 23000  Height of Burst: (feet)
Cloud Top Height, (feet) 28000  Scaled HOB: (feet)
Time (hr) Ll () L) (r-mi%/hr)

1 99.4 1.73

2 58.5 1.82

3 44.6 202

4 37.4 2.42

5 324 3.62

6 29.5 5.57

7 27.1 9.53

8 25.2 13.46

9 23.6 19.19

10 22.3 30.86

11 21.2 50.05

12 20.2 70.11

13 19.4 88.22

14 18.7 108.79

B-18

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.002
0.003
0.003
0.004

1500
674
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Shot; Grable

Yicld: 15 Kilotons
Cloud Bottom Height: (feet)
Cloud Top Height: (feet)
Time (hr) o
1 99.4
2 58.5
3 44.6

23000 Height of Burst: (feet) 524
35000  Scaled HOB: (feet) 212
L) (r-mi%/hr) G
17.38 0.000
45.32 0.001
70.25 0.002

B-19




Shot: Stokes
Yield: 19 Kilotons

Cloud Bottom Height: (feet)

Cloud Top Height: (feet)

Timg (hr) @)
1 114.2
2 66.5
3 49.7
4 414

27000  Heightof Burst: (feet)
37000  Scaled HOB: (feet)

L) (r-mi%/hr)
241
4.58
5.28
6.10

0.000
0.000
0.000
0.000

1500
562



Shoy: Priscilla

Yicld: 37 Kilotons
Cloud Bottom Height: (feet)
Cloud Top Height: (feet)
Time (hr) (W
3 46.0
4 384
5 33.7
6 30.3
7 27.8
8 25.8
9 24.2
10 21.8
11 20.8

24000  Height of Burst: (feet)
43000  Scaled HOB: (feet)

140) (r-mi%fhr)
2432
299.1
342.6
404.2
446.2
473.6
501.5
537.2
560.4

0.003
0.003
0.004
0.005
0.005
0.005
0.006
0.006
0.006

700
210




Shot. Hood
Xield:

Cloud Bottom Height: (feet)

74 Kilotons

Cloud Top Height: (feet)

Jime (hr)

LT-T - - I R - T D I VS R o B

—
o

(W
141.6
80.3
59.4
48.9
42.6
38.1
34.8
32.2
30.1
28.4
270
25.7

48000  Heightof Bucst (feet)
35000  Scaled HOB: (feet)

L) (r-mi%/hr)
59.3
66.3
73.0
79.1
93.6

115.6
141.3
160.9
173.8
183.4
194.9
199.3

B-22

0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

1500
357
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Block 19. Abstract {cont'd)

Iso-dose rate contours and cloud arrival time data from
atmospheric nuclear tests conducted at the Nevada Test Site
were examined to validate size distributions currently used in
fallout prediction models or to propose new size distributions.
There was insufficient local fallout from air and tower bursts
to make conclusive determinations about the particle size
distributions produced by these types of bursts. The debris
produced by surface and shallow subsurface bursts may be
described by a lognormal distribution, a power-law distribution,
or a linear combination of these or possibly other distribution
functions. Additionally, a lower bound of 2210 r-mi“/hr-kt was
established for the source normalization constant.
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