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ABSTRACT 

The basic phenomenology of radioactive fallout from nuclear detonations is 
described nonmathematically for military coinmanders who may become engaged 
in nuclear battle. Subjects includc a description of fallout dcbris, the process 
of formation and deposition, and hazards to personnrl. Comparisons are made 
between initial nuclear radiation and radiation from fallout. A radiation rate 
and exposure forecasting iiietliod is presented for situations whcre thc source of 
fallout and rate of decay are unknown. AdrlitionaJ. research is recornmended 
for 1) development of improved methods for estimating casualties resulting 
from combined exposure to initial nuclear radiation and fallout radiation; and 
2) improving the estimate of the I<-factor (how much of the radioactive material 
comes to the ground as early fallout). 

xi 





1. INTRODUCTION 

In a tactical nuclear war, air Iiursts or deeply buried detonations of nuclear 
weapons will usually be the preferred mode ratlicr than ground--surface bursts. No 
commanclcr will want to deliberately poison an arm that may bc occupied liy his own 
troops within a day or so, However, tactical situations may arise: where fallout may 
be either a clcsirable coilsequence or unavoidaltle. For example, a fallout strip may 
be laid down as a barrier to ground troop iiiovemmt, or fallout mq- result from the 
necessity, possihly due t o  the lack of availability of deeppenetration warheads, to 
iise ground-surface bursts against deep-buried command posts or weapons storage 
bunkers, or, ground-surface bursts may occur accidciitally clue to error in setting 
the detonation altitude before launch or due to Inisfire. 

Fallout may exist in rear areas due to any one of the above rcasons or due to 
a strategic laydowri of iiuclcar weapons. Exposure to radiation from such fallout 
must be considered while evacuating casualties to the rear and during the period of 
convalescence. 

Because exposure to filllout radiation can be letlial and the effects are additive to 
those from cxposure to initial radiation, it is csscntial that battlefield commanders 
understand the mechanisiii of production of fallout, tlie hazards of fallout radiation, 
and means for nicitsurcineiit, protection a n d  decoritamination. This mantial provides 
a brief overview of these topics, with refcrences to basic sources. Expanded 
discussion is given 011 topics wliich arc controversial, surh as the fraction of total 
fallout that comes down as early fallout, the rate of decay of fallout radiation, and 
means for forecasting radiation rates and exposures. 

In the past few ycars tliere lias been a gradual cliangeover in the units of 
radiation mcasuremcnt aiitl dose. Thc old literature in this firld has used the R 
(roentgen) as a unit of esposiire to ionization in air, the rad for absorbed dose, and 
the rem for equivalent dose. In tlie new system of SI (Systcmc International) units, 
tlie roentgen is not recognized, and the units for almrbrd dose and cqiiivalent dose 
are the gray (Gy) and the sicvert (Sv), Icspectively. In this discussion of fallout 
radiation, there is frequent clepeiidcrice upon valid research performed before the 
changeover in units. T h e  lias becii 110 attcinpt to charigc units in drawings talcen 
from old referrnccs to conforin with the modern usage. For tliosc unfamiliar with thc 
old units, the rocntgcn was d~fined as the aIriount of x or y radiation that produces 
1 esu (electrostatic unit) of charge pcr cc of tlry air at STP [Standard Temperature 
and Pressuc, u a l p  tdien as o degrees C) and 760 
may be definer1 currently in eqi its as protluciIig 2.58 
in air, or as dcpositing 0.87 rad (a rad corresponds to the absorption of 100 ergs ’ 
per grain) in air at STP. A roentgcn of y racliation in the tnc3rgy range 0.1 -3 MeV 
also produces 0.96 rrtd in tissw (ICRG62). The quality factor for ys in tissue in 
this energy rangc‘ is unity. IIeiicc, exposure of tissue to a givcn nunicrieal qiiailtity 
of y radiation in the encrgy rsiige 0.1-3 MeV- will producc very nearly equivalent 
effects, regardlcss of espiessioIi of tlie qiimtity in units of romtgens, rads, or cGys. 

I ,  , 
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Three lengthier sources of information or1 fallout may be consulted, T h e  E f e c t s  
of Nuclear Weapons  (ENW77), Structure Shielding Aga ins t  Fallout G a m m a  Rays  
f r o m  Nuclear De tona t ions  (SpSO), aiid Fallout: I t s  characterist ics and m a n a g e m e n t  
(FerS3). For protective ineasures and operatiorial procedures for radiation 
protection in shelters, Radia t ion  Sa fe t y  in Shelters (FE83) is recommended. Because 
of freqiient citation, The Eflects of Nuclear W e a p o n s  will be simply referred to as 
ENW77. 



2. WHAT IS FALLOUT? 

2.1 GENERAL 

Fallout is the radioactive dcbris that comcs back to carth after a nuclear 
explosion at the surface of the earth, or at an altitude low enough for the fireball 
to engulf solid materials. The fallout may consist of sphcrieal or irrcgularly shaped 
particles ranging downward in size from that of coarse sand, sonic consisting of fine 
ash or crystals, or, farther downwind, coiisistiiig of v c ~ y  fine particles too small to be 
seen by the unaided eye. The nature of the fallout, that is, whethcr ashes, beads or 
crystals, depends on the composition of the materials engulfed by the firelmll. The 
size of the particles will decrease with distance downwind. Sand-like particles will 
come to earth within a few kilometers from the detonation, hut very fine particles 
may not reach the earth’s surface until they liavc gone all around tlie earth several 
times. 

Fallout is characterized by intense highly pcnctrating *J radiation from fission 
fragments, constituting a potentially lethal hazard to personnel in tlle vicinity, 
although /3 radiation may also cause injury under ccrtain circumstances. Large 
areas, consisting of hiindrecls to thousands of square kilometers, dcpencling on yield, 
can he covered with fallout from a single surface detonation, such khat radiation 
from the contaminated area is hazardous or letlid to an unprotected perpon passing 
through or dwelling in the area, for periods of clays to ~vceks after the detonation. 

2.2 TYPES 

Fallout may be characterized as 1) EARLY (also callcd ((prompt” or “local”) 
fallout, that which comes back to the earth’s surface within 24 h after detonation, 
and 2) LATE or “delayd” fallout, which inc-ludes all fallout rcrarhiiig l,he ground 
litter than 24 h after detonation. Fallout niay also be categorized as 1,) SIMPLE, 
resulting from one or more detonations all having tlie same time of detonation, or 
2) COMPOSITE, resulting fioni two or more tlctonations having diffcrent times of 
dctonation. Simple fallout will have only one time of origiii, ix. ,  all the fdlout will 
have the same age. Composite fallout will haw particles of tlifferent tiiiie origins, 
and the fallout is inulti -aged. Radiation from composite fallout will clecay more 
slowly than from any of its components take11 separatcly. 

EARLY fallout includes “stem” fallout, which consists of the heaviest particles in 
the fallout and is located in the vicinity of the stern of tlie Iiiusliroom cloucl. Particles 
in early fdlout are usually larger than a h i t  20 riiicrons (0.02 mm) diameter and 
fall within less than about 150 k m  from the detonation. 

INTERMEDI,4TE fallout niay be either early or latc. This term is applied to 
fine particles that are injccted into the troposphere below the trt)p,opause. The 
tropopause refcrs to the region of the car tli’s atmosphere iii whicli the temperature 
change vs altitude becornes positive rathcr than negative, a s  illustratcd for the 
normal atmosphere in Figiirc 1. The altitude of the tropopause varics between 
about 7-1 7 kin altitude, dcpcnding on latititde, season and local conditions (Ir8O). 

3 
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The fine particles of intermediate fallout result mainly from surface bursts of low- 
yield weapons, and require about three weeks to several months following detonation 
to reach earth (Co69). Intermediate fallout may therefore occur during periods of 
time that overlap early and late fallout. 

A significant factor concerning fallout clouds at tropospheric or lower altitudes 
is that all or a portion of the clouds may he swept or washed down to the earth’s 
surface by rain or snow. Radiation from such fallout may be miich more intense 
than from fallout deposited by unaided falling in the atmosphere. On the other 
hand, if the rains are torrential, miich of the fallout may be swept from exposed 
surfaces into the bottoms of rivers or into ditches or giilleys, where radiation may 
be significantly shielded by the depth of the water or by the surroiindings. 

LATE fallout may resirlt either from intermediate fallout or from fine particles 
that have been injected into the stratosphere by large yield surface bursts. 

2.3 CHEMICAL COMPOSITION OF FALLOUT: FRACTIONATION 

The composition of fallout is greatly dependent on the composition of the 
materials that come in contact with the fireball. Fallout from weapons mounted 
on iron towers at the Nevada Test Site contained iiiostly iron oxides and glassy 
particles derived from melting of the silicate minerals of the soil below the tower 
(Ad60; Fr65; He70). Figure 2 shows a typical fallout particle from a tower shot in 
Nevada. Fallout from tests in the Pacific was dominated by a white ash containing 
calcites derived from the large volume of coral taken up by the fireball (AdGO; Is56; 
Le85). Figure 3 shows a typical fallout particle from a ground-surface shot at Bikini. 
The irregiilas shape and lower density of the Bilciiii fallout particles will result in 
a slower descent than that of the spherical particles from the Nevada tests. An 
extensive survey on tlie physical and radiocheiiical properties of fallout particles 
has been suinniaiized by Crocker, et al. (CrGG). 

The chemical composition of materials in the fireball changes rapidly in the 
first few minutes after detonation becaiise the fireball cools quickly due to thermal 
radiation, expansion, and mixing with the ambient air. The cooling process is 
accelerated because the fireball rises by buoyant forces, lifting it to higher altitudes 
where the atmospheric pressure is lower, thus permitting a faster rate of expansion. 
The ratios of numbers of isotopes and atoms in the initial fallout will vary greatly for 
some materials as a function of time after the detoiiation, due to different physical 
properties of the elements, and the presence of gaseoiis eleiiieiits in the decay chain 
(Fr64; Fr65; Be70; hIiGOit). 

As an example of tlie influence of physical properties, some metals have higher 
vaporization and melting teniperatures than other elements, and will, therefore, 
condense and solidify at an earlier time than the less refractory materials, leading 
to earlier falloiit from the cloud. Other materials may becoiiie removed from the 
fallout cloud by transmuting to a gas iii the nadioactive decay-chain process, as, 
for example, the traiisiiiiitation to xenon in the tellurium iodine-xenon-cesium 
decay chain. These processes, described in some detail ljy Hicks (HiS2), are called 
fractionation. 
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Figure 1. Temperature profile of the earth’s atmosphere. 
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Figure 2. A radioactive fallout particle from a tower shot in Nevada. The 
particle has a dull metallic luster and shows numerous adhering small particles. From 
Crocker, et al., 1966. 
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2.4 RADIATIONS FROM FALLOUT 

Nuclear radiations from fallout are dominated by /3 and y radiations, although 
cy, neutron, and iieiitriiio radiations are also present. Neutrino radiation carries 
away considerable energy in all radioactive decay but its interaction with matter is 
undetectable except by very special instrumentation. As a radiation hazard from 
fallout, neutrino radiations are entirely negligible and will not be discussed further 
liere. 

2.5 SOURCES OF RESIDUAL RADIATION 

There are three types of sources which contribute to residual radiation: 1. fission 
fragments, 2. neutron-activated elemrnts, and 3. unburned fissile materials. Of 
these three, fission fragiiieiits are by far the strongest contributors, although for 
some types of thermonuclear weapons, such as BRAVO, neutron activation can 
generate sufficient Np239, through neutron capture by U238, to strongly influence 
the radiation spectrum up tu two days after the detonation (Lc85). 

Fission fragments are atoms produced in pairs from fission, which is the process 
of splitting a large atom such as U233, U235, or P u ~ ~ ’ ,  depeiidiiig on which element 
is used in the construction of the primary of the weapon. Sigiiificaiit fission of U238 
takes place when this element is present in weapons producing fast neutrons by 
fusion processes (ENW77). 

Fragments from fission are distributed through inass nimx1xx-s from about 70 to 
165 (RiSl; En85), as illustrated in Figure 4. If one of the fission fragments from the 
fission of U235 has a mass of 160, the other fragment must have a mass of 72 or 73, 
depending on whetlier 2 or 3 neutrons are released during the fission. According 
to Figure 4, the probability of producing fragments with such a great difference in 
mas3 is less than one per 10,000 fissions. 

Nearly all the initial fission fragments are radioactive, with half -lives ranging 
from fractions of a second to thousands of years. Thc predominant radiations from 
fission fragments are j3s arid 7 s .  During the first few minutes after detonation 
some neutrons may 1)c emitted in decay chains involving Kr 92 95 and Xe 141- 
142 because the neutrons are so loosely bound in the parent nuclei (JVe58). The 
number of these delaycd neutrons becomes negligible within a few minutes after 
detonation, and, therefore, these radiations are not present ill fallout on the ground. 
Alpha radiation from the heaviest fission fragments can occur, but this radiation is 
entirely negligible after the first few seconds after detonation. Alpha radiation from 
unburned fissile material may be significant, as discussed below. 

Neutron activation occurs when a neutron produced by fission or fusion 
processes is captured by a nucleus, causing it to become imstable, with the 
sulxeqiient emission of @s and ys. Induced radioactivity by a ground-burst fission 
weapon is much less intense than fission product radioactivity, as shown in Figure 5 
(BaGO). 
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Figure 4. Distribution of fission fragments by yield and mass number. From 
I. B.  Rider, 1981; and England, 1985. 
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However, there are two situations where induced radioactivity is stronger than 
fission product radioactivity: 1) a low air burst over materials that are susceptible 
to activation; and, 2) the period of about 20 hours to 2 wecks in arid near the crater 
of a thermonuclear burst such as BRAVO. 

A low air burst with a fireball that docs not touch the ground will produce no 
residual radiation by fission fragments because they will all be carricd tip with the 
fireball. Howcver, lethal levels of residual radiation could result from activation of 
nuclei in piles of salt or coils of copper cable that are irradiated by neutrons from 
the fireball. Table 1 lists some properties of radioactive isotopes that have fairly 
common parent elements and also have relatively liigli cross sections for ncutroii 
capture. 

Some thermonuclear weapon designs use an exterior blaiiliet of UZ3* surrounding 
an interior fission-fusion device to take advantage of the fission of U23' produced 
by fast neutrons from fusion (ENW77). Neutroiis of appropriate ericrgy from fubioii 
can be captured by U238 to form UZ3' which decays (23.54 niin half-life) to 
which then decays (2.355 d half-life) to PuzJg (24065 y half-lifc). The resulting /3 
and y radiations from this decay scheme is considered to have a strong eRect on 
the overall decay rate of radiation in the fallout from BRAVO through the first two 
days after detonation (Legs). 

Unhurned fissile materials in fallout can producc N and neutron radiations in 
addition to ,B and y radiations. Neutron radiations in fallout are produced only 
by spontaneous fission of Uz3" The unburiied fissilc elements usually haw long 
half-lives, constitute only a tiny fractioii of the rnass of the dcbris, and are kiglily 
dispersed. Consequeiitly, the ,B, y, and neutron radiations from these sources are 
negligible compared to other soiirces in fallout. Alpha particles are not .an external 
radiation hazard, but may cause long-term lung problems if their source is ingested 
(An75). A recent study by Levanon and Pernick (Le88) arrives at the conclusion 
that inhalation of fallout particles from ground bursts in tlic 0.5 -kt to IO-Mt yield 
range does not constitute a serious radiological hazard. 
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TABLE 1 

SOME PKOPERTIES OF 

NEUTRON-INnUCED RADIOACTIVE ELEMENTS 

Radioactive Symbol Half- hiaiii Main Parent Parent Cross- 
Isotope life Beta Gamma Isotope Abundance section 

Energy Energy (percent) (barns”) 
(MeV) (MeV) 

Aluniinum 

Chlorine 

Cobalt 

28 A1 2.2111 1.2 1.8 100. 

24.2 

100. 

0.959 

0.202 

48.5 

2.2 2.2 

“co 10.5111~ 
and 5.3yr 

1.5 
0.3 

1.3 
1.3 

copper 

Magnesium 

Manganesc 

Phospliorus 

Pot as si u m 

Silicon 

Sodium 

Vanadium 

Zinc 

12.7hr 0.6 

1.8 

3.8 

1.3 

0.s 

0.9 

69.2 

11.0 

100. 

100. 

6.7 

3.1 

100. 

99.8 

48.6 

4.48 

0.033 

13.1 

0.14 

1.40 

0.303 

0.691 

3.98 

0.959 

27 Mg 9.5m 

3 2 p  14.3d 0.7 

1.4 

negl . 

1.4 

31Si 2.Glir niegl. 

2.8 

1.4 

0.G 

0.G 

1..1 

Na  15.011s 

52V 3.8111 

65 Zn 344.4~1 0.1 1.1 

sone barn = cm’. 

b0.24 percent. 



3. HOW FALLOUT IS PRODUCED 

3.1 INTRODUCTION 

A brief description of the sequence of events from ground-surface detonation to 
fallout is presented here. ,4 visualization of these evcrits will assist in uiiderstanding 
the physical processes involved in the formation of fallout. Such an undcrstanding 
may be useful for the decision--maker in battle situations where troops may face the 
possibility of fallout from surface deton a t’ ions. 

The reader may have noted that the word “fallout” is used in two connotations. 
One usage applies to thc proccss by which particles in tlic cloud frorn a nuclear fall 
to the ground, and the other applies to the particles aftcr they have settled on the 
ground. 

3.2 THE EARLY FIREBALL 

Whcn tlie fireball breaks through its enclosiiig structurc, it will have a 
temperature ranging in the 10s to 100s of million rlcgrecs Kelvin, depending on 
the weapon design (EN’GV77). Solid materials at  close range, out to a few meters 
radii for kiloton yield wcapons, ant1 several decainet ers for megaton- yicld weapons, 
will be completely vaporized and reduced to the elemental ionized state. These ions 
will become thoroughly iiiixed with ions of fissioii fragments and elenicnts used in 
the construction of the bomb, accelerating the cooling of the fireball. Within a few 
milliseconds after detonation the fireball will have expanded and cooled such that 
atoms will no longer be ionized due to thermal conditions. 

Materials at greater radii will bc reduced to the elcnieiital state without being 
ionized, and at still greater radii, the materials will not be rediiccd to clemental 
form, but some (e.g., organic materials) may undergo changes in composition while 
others may be melted or vaporized. By this time in tlic history of a surfacc explosion, 
the fireball will liave begun to rise and the sliock wave will be fvrmiiig. 

3.3 FORMATION OF THE MUSHROOM CLOUD 

Still furtlier out, tlic sliocli wave will break up materials according to their 
niecliaiiical properties, producing pulverized dust, chunks, roclis and Sli~bS of various 
sizes. Additional dust, and matcrials sniaslied into larger granular form, will be 
carried up by the wind that is drawn in by low pressure underneath the rising 
fircball to form the stern of the niusliroom. The heaviest materials will fall most 
quickly, some contributing to the lip of the crater. Radioactive particles in the stcm 
may result from neutron activation of material outside tlic f ireldl  or from heavy 
particles falling out from tlie fireball. Tlicsc particles will contribute to stem fallout, 
which may contain about 10% of the total residual radioactivity for a surface burst, 
more for more deeply buricd shots, and less for liighcr altitude shots. 

As the fireball rises, it will cxpsnd and cool. The coinl>ination of buoyant forces 
and drag forces with the aiihiciit air will producc a rolling, toroidal motion of the 
outer portion of tlic cloud, wi tli tlic outcr surfiwe rolling downward and  inward 

13 



14 

as the cloiid rises. This action forms a dougliiiiit with its axis along the stem of 
the mushroom, and hax-ing a cap rising up alxn-e the doughnut at the center. A 
photograph of a typical niitslirooni cloud formed by a low air burst at the Nevacla 
Test Site is showii in Figure C. 

The rate of rise of tlic Sreball will be faster for large yield weapons, and greatly 
dependent 011 local atmosplirric conditions. The top of the cloud from a l-hft 
weapon siltface detonation will reach an altitude (not tlie stabilized or filial altitude) 
of about 3 i d e s  (4.8 lmi) in  30 seconds (ENTV77, p. 31), but for a 10-kt surface 
burst, it will reqiiire about 40 50 seconds (ENTV77, p. 506). 

The variability of maxiimirn licights of nuclear clouds is indicated in Figure 7 
as a function of weapon yields (OCD70). The variability in the height depends 
on atmospheric conditions aiid on the amount of heavy materials taken up by the 
fireball. We may take tlie top line to represent the top cloud height for clouds from 
near-surface bursts in which adclitional solids or liquids have not been incorporated. 
Figure 8 shows the altitudes of the tops and also the bottoms of the stabilized cloud 
heights as R function o f  yield (ENTVi7, p. 431). The top altitude in Figure S is just 
below tlie Incan cloud top showii in Figure 7.  

3.4 FORMATION OF THE FALLOUT CLOT.JD 

The fireball will cease to rise wllen it has cooled sufficiently to have the 
same dcnsity as tlie ambient air. Below the tropopaiise, the temperature of the 
atmosphere decreases with iiicreasinig altitude, as illustrated in Figure 1. For yields 
greater than about 30 kt, depending on local conditions, the top of the cloud will 
reach the stratosphere, where the temperature increases with increasing altitude. 
Consequently, tlie rate of rise in tlie stratospliere will decrease, and the rate of 
lateral spread will incrcnse rapidly. 

1,ocal winds will iiow begin to affect the shape and movement of the fallout cloud. 
Surface winds are not a rclinlAe indicator of where the fallout will be deposited. 
Winds iiiay have diffcreiii directions and speeds at different altitudes. For those 
close enough to observe the niiislirooiri cloud, tlicse wind variations may be observed 
by their affect on tlie fallout stem. Observation of the movement of the fallout cloud, 
if possible, will give a good indication of where the fallout may be headed. 

If maiiy iiiegstoii-yield xvarheads have been ddonatcd within an area of a few 
hundred square kilomcters, it may be suriiiizcd that winds within the area will 
be entirely changed clue to the sudden infllls of enorinoils quantities of energy. 
Winds surrounding tlie area, possildj out to sevcral hundred kilometers, may also 
be affected. These factors complicate attempts to predict where fallout will be 
deposited. 

3.5 THE FALLOIJ?’ PROCESS 

Within about 10 niiiiiites for 10 kt drtonations and about 15 minutes for 1- Mt, 
the fallout cloud will rcacli its stabilized height and size, and all iiiajor chemical 
transformations will haw occuricd. hlinor transformations will continlie to occur 
due to transmutation of the fission fragiiicnts by radioactive decay. 
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The cloud ~ i l l  iiow move latcrally according to local winds, and will continue to 
expand by diffusion. -4s it moves, the larger and heavier particles will fall to earth 
to produce local fallout. The fall of particles in  the atmosphere depends, among 
other things, on the air density; a particle that may have an appreciable fall speed 
at 80 krn altitude may essentially float at 20 km (ByG5). 

The downward speed, called the terminal velocity, is reached when the 
downward force (gravity less buoyancy) is balanced by the rcsistive force of the 
air. The resistive force is proportional to thc cross -sectional area of the particle 
presented to  the air in the direction of trawl, its drag coefficient, the density of the 
air, and to the velocity raised to n power between one and two, depending on the 
velocity of the particle relative to the air (EGO). The fall times shown in Figure 9 
are Tor perfect  spheres with a dcnsity of 2 gni ~ m - ~ ,  corresponding to tlie average 
density of fallout particles from groundsurface bursts (CrGG). The lines are curved 
becnusc of the decrease in air dcnsity with altitude. 

Particles with shapes illlistrated in Figures 2 and 3 will take longer to fall than 
the times sliowii in Figure 9 because their drag coefficients d l  be larger than 
that of a perfect spliere (unity), due to su i fxe  roughness and irregular shape. 
Coiisequently, lionspherical fdloiit particles will be carried further downwind than 
srnooth spherical particles, and will, therefore, be more greatly dispersed across the 
country, resulting in lower local radiation inteiisities for a given yield. 

As the particles fall through the atmospliere, they may be accelerated or 
decclerated laterally by local winds accordiiig to the resistive force described above. 
Siiiallrr particles will bc accelcratcd very quickly up to speeds that nearly match the 
lateral wind speed. wliercas larger, heavier particles may reach the ground without 
being significantly affected by local winds. As a result, siiialler paxticles may have 
a considerably greater spread on tlie ground tlinii the larger particles. 

To simplify dealing with win& that vary in specd and direction with altitude, 
the “efkctive wind” has lxen clrfiiietl to be the mean of two average winds, 1) the 
horizoihl wind aven aged fioiii the ground to tlic I~ase of the stabilized fallout cloud, 
and 2) the horizontal wind averaged from the ground to the top (h‘NW77, p. 423). 
The average wiiids may be determined by nieasiireiiicnts on a rising balloon, or they 
may be rougldy cstiinatccl by obseivationis of tlie stem of the inushroom cloud. 

Stem falloiit, will be the first fallout to he conipleled, and may reach completion 
within less than a half hour after dctonation (hliG9). Further downwind, the first 
fallout may not begin for times of a half hour to several hours after detonation, 
depeiidiiig on the distance down\17i.ind, tlie speed of the fallout cloud, and the effective 
wilds .  ilfter fallout begins to arrive at, an area, fallout may continue to arrive for 
periods varying from 2 to 30 11ou~s, clcpcnding on the distance downwind and the 
yield of the detonation. Fallout duration from BK4VO (15 &It) was estimated to 
be 5 h at 150 kin downwiiid, and ‘7 11 at 310 l;m tlonwwind (LcS3). 





4. FACTORS AFFECTING FALLOUT PRODUCTION 

4.1 INTRODUCTION 

Factors affecting tlie quantity and characteristics of fallout are 1) the height 
of burst, 2) the nature (liquid or solid) and chcnlical composition of the external 
materials affected by the fireball, 3) the yield or size of the warhead, 4) the design 
of the warhead and container, and 5 )  atmospheric conditions. In many situations, 
all of these factors are interrelated, as will be seen in tlie following discussions. 

4.2 HEIGHT OF BURST 

If the warhead is detoiiated in the air such that the fireball does not affect any 
external solids or liquids, there will be no local fallout, with one possible exception. 
If the yield is so low tliat tlie bottom of the fallout cloiid reaches its maximum 
height within the troposphere, then the possibility exists for weather phenomena to 
bring radioactive materials to the ground within the local area, such as the partial 
rainout which occurrecl in the vicinities of Hiroshima and Nagasaki. 

The altitude of tlic tropopause (the top of the troposlierc), as indicatcd in 
Figure 1, may vary from 7 to 17 kin (23 to 56 kilofeet) (IrSO). Most weather 
phenomena occurs below tho tropopause, hcncc we may conclude, with the aid of 
Figure 8, that partial local iainout is a possibility for low altitude airbursts with 
any yield up to about 4 hlt, depending on the existing altitude of the tropopause. 

If a warhead is detonated above an area containing high-rise structures such as 
skyscrapers, grain elevators, or TV broadcast antennas, tlie height of burst may be 
such that portions of these structures may be va1wriLt.d without t,he fireball touching 
the ground. The clieniical composition of fallout from siich a burst inay be different 
than that of fallout from a grourid burst, containing calcites from vaporized concrete, 
and possibly resembling the i3Rn,41’0 fallout particlcs shown in Figure 3. 

Suppose the height of burst of a weapon of givm yield is gradually decreased 
froni zero height whcrc the firelmll just toiiches a flat grouiid surface to a negative 
height corresponding tu a decp undcrground detonation. Tlie production of prompt 
(early or local) fallout as a function of height of burst can be estimated from 
Figure 10 (No64). In this figure, a negative value of thc abscissa (ratio of depth of 
burst/clepth of apparent crater) indicates tliat the burst is Al30VE ground. When 
the abscissa is -1, the hcight of burst above ground is approsiiiiatcly half the fireball 
radius. In this case, tlic resultant total release of radioactive materials is equally 
divided between local (1xonil)t) and delayed (long term airborne) fallout. 

20 
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Figure 10. Radioactivity release as a function of ratio of depth of burst to depth 
of apparent crater. An apparent crater is the crater that is seen visually following the 
detonation; a true crater is the crater geometry immediately after the detonation, 
before fallback or inflow processes occur. From Nordyke and Wray, 1964. 
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The fraction of prompt fallout rises to about 80% when the height of burst is 
reduced to zero (abscissa ill Figure 10 is zero) and reaches a maximum of 90% for 
slightly buried detonations. When tlie depth of burst is almost equal to the depth 
of tlie apparent crater, almost half the total radioactivity produced is trapped in 
the glass and rubble in the crater. When the depth of burst is more than twice 
the depth of tlie apparent crater, hardy any radioactivity escapes, being trapped 
almost entirely within the crater. 

In summary, there will be no local fallout of fission products if the fireball does 
not touch the ground or a high structure, providing there is no rainout. There will 
also be no local fallout if tlie warhead penetrates the earth at least two apparent 
crater depths before detonating, the depth dcpeiicling on the yield. There will be 
maximum local fallout if the ~vailicad is det,onated just below the surface. 

4.3 CHEMICAL COMPOSITION OF AMBIENT MATERTALS 

The effect of two types of aiiibient materials (steel and coral) on the chemical 
composition of fallout lias been discussed above. For a ground-surface burst, the 
mass of solids in the crater that is vaporized far exceeds the mass of the warhead 
and its container, hence the clicniistry of tlie fallout is dominated by tlie vaporized 
materials from the crater. The chemical composition of ambient materials affects 
fractionation processes aid also determines the physical characteristics of the fallout 
particle. Variations in particle size, shape and density will affect the rate of descent 
and the distance the particles are transported horizontally by local winds. As 
discussed above, a slower descent will result in greater dispersion of the fallout 
particles. Hence tlie cheillical coinposition of materials vaporized by the fireball has 
a significant effect on the intensity of radiation from fallout. 

4.4 YIELD OF WARHEAD 

The volume of solid material in a fallout cloud is roiighly proportional to the 
yield for ground-surface h r s t s .  The greater energy released by the larger yields 
will carry these solids to greater height, with the consequence that fallout is spread 
out over a larger arca. 

An indication of the dependency of the extent and intensity of fallout with 
yield is given in Table 2, wliich gives scaling rclationships for unit -time reference 
dose rate contoiirs for an idculizcd fallout pattern for a contact surfa 
15 mph effective wind. These relatioiiships will be discussed in greatcr detail under 
“Pat terns of Fallout Deposition and  Areal Extent.’’ 

4.5 WEAPON DESIGN 

Four types of weapons ancl their effect on fallout will 1,e bricfly discussed: 
1) pure fission; 2) eiihanc.ec1 neutron radiation (mostly fusion); 3) boosted (mostly 
fission, some fusion); and 4) fissian-fusion-fissioii (convcntioiial thermonuclear, 
50/50 fission/fusion). Tlie yields of the first t h e e  types are usually consideraldy less 
than mcgaton range, wliile tlie last type iisimlly is in the near megaton or greater 
range (ESW77). For groiiiid surface bursts, d l  of the s a m e  yield, the pure fission 
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TABLE 2 

SCALING RELATIONSHIPS FOR IDEALIZED UNIT-TIME 
REFERENCE DOSE-RATE CONTOURS FOR A CONTACT 

SURFACE BURST WITH A TOTAL YIELD OF W KILOTONS, 
50% FISSION, AND A 15 MPG EFFECTIVE WIND 
[Taken from the Effects of' Nuclear Weapons (G177)] 

Reference 
dose rate 
(rads/ hr) 

Downwind 
distance 

(statute miles) 

3,000 

1,000 

300 

100 

30 

10 

3 

1 

Maximum width 
(statute miles) 

0.0076 I;I/0.86 

0.036 TV0.76 

0.13 VV0.6G 

0.36 I.V".Go 

0.76 1V0.5G 

1.4 kV0.53 

2.2 1V0.50 

Ground zero 
width 

(stahxte miles) 

0.026 T/Tr0.58 

O.OG0 1,V0.57 

0.20 w0.48 

0.39 w o - 4 2  

0.53 1Y0-41 

0.68 wo.41 

0.89 vV0-41 

1.5 wO**' 



weapon will produce the greatest radioactivity in fallout, boosted will be second, 
fission-fusion-fission will be third, and the enhanced neutrorr weapon will produce 
the least radioactive falloiit. 

The 50/50 fission/fusion weapon must have almost twice the yield to produce 
the same amount of residiial radioactivity as the pure fission weapon. In this case, 
the top of the stabilized cloud from the 50/50 fission/fusion weapon would rise 
about a mile or so higher, as indicated by either Figure 7 or 8) than the cloud 
from the pure fission weapon having half the ~-ield, causing the fallout to be more 
dispersed. 

the greatest amount of residual radiation, due to neutron activation. 
For low airbursth of the same yield, the eiihanced neutron warhead will produce 

4.6 AT M 0 SPHERIC C 0 ND IT1 0 NS 

The most significant atmospheric factor affecting the distribution and intensity 
of fallout radiation on the ground is the pattern of local winds in the atmosphere. 
Effective wind speeds may range from nearly zero to 100 kilonicters pcr hour, 
depending on season, locality, and time of day. High effective wind speeds will 
result in long narrow deposition patterns. These patterns may be distributed over 
a greater area, and therefore produce lower radiation intciisity, than wlien the fallout 
is produced in an area of low effcctive w i l d  speeds, because the acrodynaniic forces 
resulting from particle wind interactions will sustaiii the flight of some shapes of 
fallout particles. If the fallout originates near tlic center of a cyclonic weather 
pattern, the fallout may be very intense in the local region due to low effective wind 
speeds and circulating weather patterns. 

High lmniidity in the air will usually result in rail1 after a nuclear burst. The 
fireball will carry wet air trapped witliin it to higher altitudes where the fireball cools 
and the water condenses oiit to forin rain. For low yicld bursts, under a megaton, 
the firdm11 rise may stabilize at an altitude such that part of the nuclear cloud is 
within the rain cloud. In this case, the scavenging process by which radioactive 
debris is removed from the poition of the nuclear cloud within the rain cloud is 
called “~ainout” (ENW’IS, 1’. 418). Raiiis that fell after tlie IIirosliiina and Nagasaki 
bombings were called “black” rain, because the diops were black like dirty oil, 
probably carrying some fallout and smoke particles from tlic fires that were started 
by the weapons (CChlDSl). These cases are discussed further in Section 7.6. 

4.7 HOW MUCH RADIOACTIVE IIEBRIS COMES DOWN AS 
LOCAL FALLOUT? 
Estimates have been mndc on the fraction of radioactive debris that is deposited 

locally from various weapon tests l y  using the following equation: 

i- 1 

in which Itln is the I<-factor (also call(~1 normalization factor) based on field 
mmsurciiieiits, Wf is the yield clue to fission, d.4, is a surface area element 
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(usually irregular) over which the radiation intensity, eztrupoluted from the measured 
intensity back to time H +  1 111, is fairly uniform at some level Ii (measured in Rlhr), 
and N is the number of such surface elements such that thc sum of them is AL,  the 
area defined as being affected by local fallout. 

The concept of determining this important ratio and discussions of 
measurements and results are described in ENW77, pages 453-456, and in grcater 
detail in DCPA Research Report No. 20 (NAS73). In the latter report, results from 
25 weapons tests are tabulated, out of which 5 were selected and averaged to estimate 

These 5 cases included two greatly different types of nuclear detonations, 
involving greatly differing chemical compositions in the materials taken up with the 
fireballs and differing atmospheric conditions. The two types of nuclear detonations 
were 1) three small yield fission devices over dry desert soil and 2) two multimegaton 
thermonuclear devices over sand, coral, and sea water. The basis for selection of 
these 5 cases was not described. Variations among iIidepciident measurements of 
I<, tabulated for each of the 5 selected weapon tests rangcd up to 94% between 
maximum aid inininiuin. Some possible causes of these variations were discussed 
generally but not specifically. In all cases, the radiation intensity measi.wcinents 
were extrapolated back to tlie time H t l  by assunling a decay according to t-l ', 
whereas a decay accordiiig to t-l-" may have been more accurate in s0111e or all of 
the cases, for reasons discussed in Section 6.2. 

A value of ICa = 1930 was obtained from the averaging process described briefly 
above, from which, using a value of I<t = 2900 (ENW77; NAS73) (this value was 
averaged between U- 235 and Pu-239 fission sources), it was estimated (ENW77) 
that about 60% (actually about 2/3) uf the radioactivc clcLris froin grnundbursts 
will be deposited locally. The value of 1930 is used widely in fallout models (PoGG; 
Pu59), and the value of 60% deposited locally hits been used to inclicatc that 40% 
will be distributed in world-widc fallout following a iiuclear war (Br8G; Ih83).  
The SIMFIC fallout inodel (No79b) allows the iiipu t of scvcn diffcrelit I<-factors 
according to the weapon desigii. 

From tlie brief review given here it shoulcl l x  appsrcnt that tlie determination 
of the fraction of fallout deposited locally nceds careful rcview and rcevalu a t' ion. 
Only one of the several factors mentioIicd alxivc: would increase the value of I<, by 
64010, namely, extrapolation froin H+12 to H+1 hr with t-l." rather than t-1.2. In 
addition, t he tlicoretical valuc of K t  should bc redeternlitlcd using modern cross- 
section clata, and the specific I<t corresimiding t o  a specific fission sourre sho~dd 
be used. 

.- 



5. PATTERNS OF FALLOUT DEPOSITION 
AND AREAL EXTENT: STANDAR,D DECAY 

Because of all the various factors affecting the deposition of fallout, as described 
in the preceding pamgraphs, it is not surprising that actual fallout pakterns axe 
highly irregular, as illustrated in Figure 11. In addition to thcse large-scale 
irregularities, local “hot spots” may exist due to fallout particles accumuhting in 
piles formed by wind motion or water currents froin rainfall. 

Idealized patterns, as illustrated in Figure 12? in coiiibinatioii with the scaling 
relationships given in Talde 2, are useful for rough estimation of the possible extent 
that could be affected by harmful radiation. Beca.use radiation from fallout decays 
rapidly with time, the contour for a given radiation level will shrink with time. These 
patterns and relationships are given for the time of one hour after detonation, at 
which time most fallout particles, except for yiclds under about, 10 kt, have not yet 
settled to tlie ground. This time, called “unit-time,” is for reference purpose only. 

The unit--tirnc reference dose-rate is the exposure rate in Itoentgens/hr that 
would be ineasiired at the locat,ion specified if all the fallout that is going to come 
down at the location is already in place at one hour a.fter detonation. For most 
weapons, most of the fallout will still be in the air at one hour after detonation. 
The unit-time concept is useful if all fallout decays accordiiig to a simple deca,y law 
such as t-1.2, because, once the unit-time reference exposure rate is determined for 
an area, the exposure rate for undisturbed fallout at the location can be determined 
for a future time by  using the decay law. The so-called “standard” decay eqimtion 
is 

(2) R = 

in which R is the estimated dose rate at the time t in hours after the detonation, and 
R, is the unit-time reference dose-rate. Values of R, for idealized fallout patterns 
may be obtaiiied froni either Figure 12  or Table 2. 

A simple approximation for the “standard” decay is given by the “seven-ten” 
rule: for every multiple of seven of the time, t ,  in cqiiatioii (2), the dose-rate R will 
decay by a factor of 10. 

Note that, in  Table 2, the scaling rclatioiis change for maxiiiiurn width and 
ground zero width for the idcalizcd fallout pattern for tlie different doseerate 
contours, liiit for tlie distance downwind, tlw scaling rclationslJp reinains constant, 
and may be siinply approsiinatcrl by thc sqiiare root of the yiclcl. 

As we shall see, filllout does not dccay according t o  a simple decay law, even 
when undisturbed by wind or inin. Howcver, Table 2 is useful to give an indication of 
re1at)ivc extent and intensity of fallout as a function of yield, even though idealized. 
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M I L E S  

Figure 11. Early fallout dose-rate contours from shots BOLTZMANN and TURK 
at the Nevada Test Site. From The Effects of Nuclear Weapons, 1977, p. 421. 
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6. CHARACTERISTICS OF 
RADIATION FROM FALLOUT 

6.1 ENERGY SPECTRA 

In a nuclear detonation, more than 300 radioactive isotopes are produced by 
fission and by neutron activation. Each of these have different decay schemes, 
involving a wide range of lialf--lives and e1icrgit.s of the emitted P s  and ys. Half-- 
lives may range from microseconds to millions of years. Energies of P s  in fallout 
may range from 0.025 to 10 MeV, with the majority of tlicm being in the vicinity of 
1 MeV. Energies of ys range from 0.001 to 11 MeV, but the ones of primary concern 
have energies Letwccn 0.1 and 5 MeV. 

Because of the great number of contributing isotopcs with their wide range of 
half-lives, the energy spectrum of tlie radiations cmi t tcd from fallout will change 
with time. Figures 13 tlirougli 1 G  illustrate y spectra for different times after 
detonation, at 1, 4, 24, and 4s h, produced by unfractionated fission products 
and actinides from a hypothetical 10 MT U235 fission warliead, based upon recent 
data for fission and decay products incorporated in the ORIGEN S model (HeS8). 
Photons froin actinides account for less than 5% of the total. The illustrated spectra 
include radiations froin volatile components, whicli would not be present in fallout 
on the ground. The range of energy of eiriitted y s  frain 0 to 6 MeV has been split 
into 50 boxes of equal energy, 0.2 McV per bos, rather than showing a logarithmic 
splitting of the spectrum as oftcn doiie (Ne59; WcSS). 

Note that at 1 h (Figure 13) thcre are sigriificant radiations with energy between 
2-4 MeV. At 24 Ii (Figurc 15), the radiations with energies over 3 MeV havc 
become iiisignificant. In general, the mea11 encrgy per photon froin fission fragments 
will decrease from around 0.85 Mcv during the first few hours to 0.5-0.6 MeV 
for the period from about 40 to 10,000 11 (SpSO). Eiiergy spectra are discusscd 
in considerable detail in Structure Shielding Against Fallout Garnrnu Rays from 
Nucleur Detonations (SpSO). 

Fractionation processes dependelit 011 tlie clicinical composition of materials 
vaporized by the fireball can change lmtli tlic time and location dependence of the 
energy spectrum. Fusion processes wliich induce the presence of Np239 and U237 
may also change the sliapc of tlie photon energy spectra during the first day or two 
after tlie detonation. 

- -  

6.2 RATE OF DECAY O F  GAMMA RADIATION 

The inultiple radioisotopes in fallout, with their widely varying half-lives, 
produce a coniplcx pattern of decaying intensities as time goes on after detonation. 
From the spectra sliowi in Figures 13 through 16, tlie rate of decay from 1 11 to 
48 11 for the ys in the energy rmgc of 0-0.6 MeV is well rcprc'jented by t-1.2, but 
the radiation in the 0.6-0.8 MeV bin clrcays as t--].09, aiicl in the 2.6-2.S MeV 
bin it  decays as t-l.YG. Altliough tlic radiation decay of cadi radioisotopc is 
exactly giveii by an espoiicntisl decay law, the resiiltaiit radiation decay of several 
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FHOT9N SPE Ubf AT 1 X3CT AFTER DGT3NATI3N - 
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PHOTON ENERGY, MEV 

Figure 13. Theoretical evaluation of the gamma energy spectrum from 
products from a hypothetical 10 M T  U236 warhead, at 1 h after detonation. 
IIermann, 1988, 

fission 
From 
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OWL-DWG 89-5774 

PHOTON SPECTRUM AT 4 HOURS AFTER - , .  DETONA'i'Ir3N 

4 

0.0 I .o 2.0 3.0 4.0 5,O 
PHOTON ENERGY, HEY 

Figure 14. Theoretical evaluation of the gamma energy spectrum from fission 
products from a hypothetical 10 MT U235 warliead, at 4 h after detonation. From 
Hermann, 1988. 
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OWL-DWG 89-597.3 

PEQTON SPECTRUM AT 1 3AY AFTER DETONATION 

0.0 1.0 2.0 3 - 0  4.0 5.0 
PHOTON ENERGY, MEV 

Figure IS. Theoretical evaluation of the gamma energy spectrum from fission 
From products from a hypothetical 10 M T  U235 warhead, at 1 d after detonation. 

Herinanxi, 1988. 
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> -  

PHOTON SPECTRUM AT 2 DAYS M T E R  DETONATION 

0.0 1 .o 2,o 3.0 4.0 5.0 

PHOTON ENERGY, MEV 

Figure 16. Theoretical evaluation of the gaxrinia energy spectrum from fission 
products from a hypothetical 10 M T  U235 warhead, at 2 d after detonation. From 
Hermann, 1988. 
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radioisotopes with greatly different half-lives can be more simply, though less 
accurately, represented by a power law decay. 

The spectra shown in Figures 13 through 1 G  are THEORETICAL evaluations, 
and do not include fractionation or additional variations that may result during 
the physical process of fallout arriving on the ground, being blown by the wind or 
washed away by rain after deposition, becoming covered with snow, settling into 
soil or other rnaterials, or being leached by rain or moisture in the soil. These latter 
processes are somct hies referred to as “weathering.” 

For operational purposes it would be useful to have a simple approximation that 
can be used with graphs or a pocket computer or calculator to estimate the average 
rate of decay for all contributions to the y radiation from fallout. For many years 
it was assumed that the average rate of decay could be adeqiiately represented by 
the simple formula givcii by equation (2), called the staiidard decay law. A widely 
accepted misinterpretation, discussed by Haaland (Has?), of a basic theoretical 
paper by IVay and Wigner (Wa4S) compounded the use of this law. This simple 
decay function has been used to construct iioinograins and graphs to calciilate dose 
rates and exposures (ENW77, pp. 390 -404, also inany Civil Defense and military 
training manuals). 

A n  examiliation of data shows that an approximation of the rate of decay of 
radiation from actual fallout on the groiind from a single weapon during the first 
two days after detoiiation can vary between t-’.’ and t-2.4, without including the 
effects of wind or rain (Has?). The causes of this variation can be attributed to 
fractionation, chemical composition of materials engulfed in the fireball, weapon 
materials, and neutron activation-all these factors contributing before fallout 
deposition. Additional factors, such as soil roughness, vegetation, terrain factors, 
iristrunieiit variations, and perhaps other factors as yet unknown, contribute 
to variation in measureinelit of radiation from the fallout after it is deposited. 
Variations in y decay approxiliiations for the SHASTA test are illustrated in 
Figure 17. ,4 summary of variations in measurenients is given in Table 3. 

These variations occur for siinple fallout, resulting from one or more detonations 
all having the same time of detonation, so that all fallout lias a common time of 
origin and the same age. When multiple detonations are involved, the fallout has 
different time origins, and  therefore diffcreiit ages, aiid the superimposed fallout has 
a slowcr resultant decay (Ha8-l). 

One may concludc from these observations tlint at tempts to estimate future 
radiatioii levels from fallout on the nuclear battlefield by using the simple t --I.* 

nomograms as presented in ENlY77, p. 399, may produce misleading results. A new 
rnethod is described in Chapter 11, which provides accurate results for a wide range 
of actual in the- field decay rates by nial;iug use of actual radiation ineasurements 
t alien at the locality. 
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TABLE 3 

SUMMARY OF SELECTED CAMMh--nECAY BEHAVIOR 

Data  Source & Year Type Nuclear Source Decay Approximation 

Way-Wigner, 1948 Theory 100% fission (15h); t-1.4(- -). t -1 .2  

BRAVO (1954) - Lesard (1985*) Field 50150 fission/ 
fusion 
II I t  I, 

I ,  ,I I t  

t-' .5 (7.2h); t -' .3  (53h); 
t -1 .4  (24d). UNION (1954) - Lesard (1985,) 

RRi\VO - Japanese analyses (1954-5) 
&Lesard (1985) 

Field 
Field + 

theory 

BRAVO (1954) - Hicks (1984) t-'.5(9h); t-l.'(12d) 

t-1.4(20h - 200d) 

Theory 

I'HISCILLA (1957) - Miller (19.57) I O O %  fission Field & 
lah. 

t -1 .6  (3h); t-.'(3d) 

t .2 (2 h) ; t - (1 2.54 

SHASTA (1957) - Larsen (105'7) Field 100% fission 

SHASTA (1957) - Miller (1957--8) Field & 
lab. 

100% fission 

SIIASTA (1957) - Hicks (1983) 100% fission t-1.5 (1211); t-1.1 (25d) 'I'hcwry 

*Field da t a  from 1954 as extracted from a classified report & declassifiecl by Lesard 



7. RADIATION DOSE FROM FALLOUT 

7.1 INTRINSIC NATURAL SHIELDING AND THE GLASS-DISK 
REFERENCE CASE 
Suppose that fallout is distributed uniformly on a hypothetical flat glass disk of 

one kilometer radius. A glass disk is specified licre to emphasize that this case is a 
HYPOTHETICAL REFERENCE case, involving a very large smooth Plat surfacc. 
Every small unit of area on thc disk will contribute to the radiation received at 
a target point one meter above the ccnter of the disk. Distance will reduce the 
radiation receivcd at the target point because of two factors: 1) the solid angle 
froin source point to target into which the radiation is emitted is reduced by greater 
distance (the inverse square law); and 2) y rays are attenuated by absorption and 
scattering in air. 

They are 
called “intrinsic” because they result from natural, geometrical, and physical 
processes that are not olwious to everyone. Extrinsic natural shielding, such as 
terrain roughness and geophysical characteristics, will be discussed below. The 
terms “glass-disk” refcrence case and “intrinsic” and ‘‘extrinsic” natural shielding 
have not appeared previously in the literature to tlic author’s knowledge, arid are 
introduced here in an attempt for further clarification of a frcquently misunderstood 
subject. 

Straight--line radiation, or unscattered radiation, is reduced along its path in a 
medium by various interactions by a factor of 1/e (e=2.71828,.., the basc of natural 
logarithim) for each mean free path length. The mean free path of y radiation in air 
at sea level ranges from 23 meters for 0.03 MeV photons to 225 meters for 3 MeV 
photons. A list of mean free paths for photons in air and other substances is given 
in Table 4, for photon ciiergies froiu 0.1 to 5 MeV. 

Some of tlic radiation that is emitted by the sourcc in a direction AWAY from 
the target point may be scattered by collisions with air or ground molecules INTO 
the target direction. When a y ray (photon) %ouiices” off an air molecule, it is 
actually interacting with an electron associated with the molecule. The y ray that 
results frsni this interaction will nearly always liaw a lower energy (nCvCr higher) 
and a diffcreiit direction of travel tlian the initial y ray. Becausc the scattered y 
ray has lower energy as a result of the interaction, its mean fixe path in air will also 
be reduced. This contribution from scattered radiation, called hil thip radiation, 
greatly cmnplicates tlie calculation of the rewivcd radiation, and tlie situation is 
further complicated by the ground-air interface. 

Howcver, the two contributing reduction factors to intrinsic shielclirig 
predominate over tlic buildup diie to scattering, and  tlic radiation received at the 
target point (or detector) in this hypotlieticsl case is almost entirely contriliuted 
from witliiii a radius of 500 111 oii tlie glass disk, as illustrated in Figure 18. It 
may be seen from Figure 16 tliat 90% of the uiiscattercd radiation arriving at the 
detector with a pliotori eiicrgy of 0.1 MeV is coiitributed from witliin a radius of 
40 m on the disk, that of 1 MeV froin within SO in, and that of 5 MeV, w i t h  
slightly less than 160 in. 

These two reduction factors constitute intrinsic natural shielding. 
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TABLE 4 
MEAN FREE PATHS OF PIIQTONS IN VARIOUS MATERIALS 

FOR, SELECTED ENERGIES 

P ho ton 
Energy 
(MeV) 

0.1 

0.3 

0.5 

0.6 

0.8 

1 .0 

1.5 

2 

3 

4 

5 

Msan free path (cm) in 
Air Flesh Sand Bone Concrete Steel Lead 

(or FVater) 

5,300 

7,630 

9,370 

10,100 

11,500 

12,800 

15,800 

18,300 

22,800 

2G,500 

29,700 

6.1 

8.5 

10.4 

11.2 

12.7 

14.1 

17.4 

20.3 

25.3 

29.3 

33.0 

4.0 3.0 2.1 0.4 0.02 

6.0 4.7 3.2 1.2 0.2 

7.5 5.8 4.0 1.5 0.6 

8.1 6.3 4.3 1.7 0.8 

9.2 7.2 4.9 1.9 1.0 

10.2 8.0 5.4 2.1 1.3 

12.6 9.8 6.7 2.6 1.7 

14.5 11.4 7.7 3.0 2.0 

17.9 14.1 9.5 3.5 2.1 

20.3 16.3 10.8 3.8 2.1 

22.5 18.2 11.9 4.0 2.1 



. .. . I  

W 
c3 

DISTANCE ALONG REFERENCE DISK FROM BASE OF DETECTOR (m) 

Figure 18. Contribution of unscettered radiation from uniformly distributed fallout 
on a hypothetical smooth, plane glass disk to the unscattered radiation received at 
a detector located 1 meter above the center of the disk, for three different photon 
energies, 0.1, 1.0, and 5.0 MeV. 
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7.2 SKYSHINE 

In our hypothetical referciice case of radiation deposition on a glass disk, all 
the radiation sources are BELOW the lcvel of the target point that is located one 
meter ahove the center of the disk. If there were no scattering of radiation by the 
air, all the radiation received at the target point woiild be from below the edge of 
the disk. However, because of scattering, a fraction of the total radiation received 
will come from ABOVE the edge of the disk. This radiatioii is called skyshine. It 
is important to consider this component of radiation for troops in various posture 
on the battlefield, as, for example, in open fosholes. 

Because of the scattering phenorneiion for photons in air, a certain amount of 
radiation will be received froin ,4LL directions. In Figure 19, results are shown 
for measurements of radiation in different directions from the vertical at a target 
point one nieter above a flat surface uniformly coiitsiiiinated with (ClGO).’ 
The detector has a resolution of 0.1 steradian, which means that it “sees” radiation 
coming in through a circle of about 36 ciii diameter at a distance of one meter, 
corresponding to a half angle of about 210 degrees. -4 zero angle along the abscissa 
corresponds to the detector pointing straight up, indicating “skyshine.” The solicl 
line between angles of 100 180 degrees (the latter angle indicating that the detector 
is pointing straight down) was calculated for unscattered radiation because the 
detector at a height of one meter will see negligible aiiiounts of scattered radiation 
arriving within these angular limits. These results indicate that 73% of the total 
dose is due to radiation received within 20 degrees above and below the horizon. 
This result is not expectcd to differ greatly wlieii y radiations other than those of 
Ba137 are iiiclucled. Other rclatcd experiments and calculations are presented and 
discussed in considerable detail in Spencer et al., pp. 388-442 (Sp80). 

As a rough rule for battlefield use, it may be sssi~med that the radiation level 
at a point at the center of a one-meter-diameter single-person foxhole one meter 
down from the surface will be about 15% of tlle racliatiou level at a point one meter 
above the surface. This racliatioii in the foxhole results fronl skyshine. At grerttcr 
depths in the foxliole tlie radiation levels will dccrcase due to the smaller angle 
exposed to the sky. 

7.3 EXTRINSIC NATURAL SHIELDING 

The glass disk reference case may be approximated in nature only on an ice- 
covered lake, with no snow prcsrnt. In actuality, the deposition will probably be 
uneven due to local wind currents. Also, fallout will probably be deposited on a 
surface of greatly varyiiig texture, such as a plowc(1 ficld, a grassy area, crops, a 
forest, ail urban area, or on a hilly or inoiintaiiious terrain. The y radiation from the 
deposited fallout will bc sliielclc(1 by clods of dirts, stems or leaves of vegetation, 
by buildings, hills or nioiintains. This ahielcliiig may be called extrinsic natural 
shielding. 

The radioisotope is blamcd for being a pcrnicious component of fallout, 
although it decays relativcly liarmlessly by low-encrgy ,8 emission with a half-life of 
30 years. The reill villain is I k d 3 7 ,  tlie principal daughter of which decays 
with a half-life of 21.6 millutes and emits a photon with O.6G MeV energy. 
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Figure 19. Variation of radiation intensity with angle measured from the vertical 
from CsI3' distributed uniformly o m  a smooth plane. From Clifford, 1960. 
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Ground roughness alone niay reduce the radiation as estimated for the glass disk 
reference case by factors of 2 or more (Cl64). Pcnetration of the fallout particles into 
the ground due to wind movement or leaching will increasc the extrinsic natural 
shielding (Be68, Be80, 13~77, FrGS, 131165). Analysis of radiation received from 
areas covered by vegetation is complicated by the possilility that the chemical 
composition of some hiiids of fallout particles may caiise the particles to stick to 
the leaves. For exarnplc7 some of the fallout fro111 BRAVO resembled quicklime 
(calcium oxide, a white caustic powder) in properties, and tended to adhere to 
surfaces. Fallout with similar properties may result when large qi~mtities of concrete 
are vaporized by the fir&dl. For urbaii situations, structural perturbations may 
reduce dose rates by as much as 0.3 to 0.8, as compared with the glass-disk reference 
case (co72). 

‘9.4 STRUCTURAL SHIELDING-THE FALLOUT PROTECTION 
FA CJ T 0 R, 
After fallout begins to arrive, there may be time for troops to find shelter in 

existing biiildings, or for expedient shelters to be constructcd, before a hazardous 
dose is accumiilatcd. In most of the areas affected, the buildup of radiation to the 
masinium level will take at least a half hour, and possibly as long a several hours, 
depending on the yield of the detonation and the distance downwind (Mi69). 

An indication of the protection given at a specific location in a structure against 
fallout radiation is given by the Fallout Protection Factor, or FPF. The FPF of 
a specific location is the ratio of the REFERENCE dose-rate at the target point 
of the glass disk reference case, if located at ground level at the specific location, 
to the close rate measured at the spccific location. Strong winds would blow some 
kinds of fallout off tlie glass disk, so there must be ail assumption that the glass 
disk contains tlie same quantity of fallout as would fall on its area, and that tlie 
fallout is evenly distributed. 

Typical FPFs are indicated in Figure 20 for various structures, for the specific 
location slio-\~n by the dot in the figure. Alethocis for estiniating the FPFs of various 
striictures, including foslioles and buried structui-cs are given by Spencer, et al. 
(SpS0). Metliods for fiiidiiig tlie safest locations for radiation protection in a 
building in an actual fallout situation are dcsciibed in Radiation Safety in Shelters 
(FEMA83). 

We use the dcsigiiation “FPF” rather than simply “PF” as used in older fallout 
literatiire, to distiaigiiisli from protection factors against iriitial nuclear radiation, 
wliicli may be considerably different from tlie Fallout Protection Factor lxcause of 
tlic. diffcreiice iii tlic type of radiation and ciiergy sped  ruin, Usiiig “FPF” rather 
tlian “PI? also prevents tlie natural inisconception wliicli iiiay arise in iionteclinical 
persons that a building rated with a high “Protection Factor?’ should provide 
protection agains t blast. This usage of “FPF” follows the rcconimenrlatioiis given 
in Radintron Sufety in Shelters (F’ELL483). 

The relative sliieltliiig cfkctiveness of various materials against the penetration 
of fallout ys is iiidicatetl in Table 4 for selected energies, in terms of tlie iiieaii free 
paths of the ys within tlie iiiaterials. Mean free paths of air, flesh, and bone are 
incliirletl for comparison. A longer nieaii free pa tli iiicans that the material is more 
transparent, to y radiation. 



43 

I 
?

 



44 

For all tlie niaterinls shown except lead, tlie lengtli of the nieaii free paths vary 
from one material to another in a simple way that is roughly proportional to the 
inverse of the density. -4 simple principle for improving sliielding is to increase tlie 
total M ~ S S ,  regardless of substance, between the soiirce and the target. 

For lead, the shielding capability against photons of less than about 0.6 MeV 
energy is much Letter than its greater density would indicate. ‘rhe reason for this 
niuch increased shielding capability against the lower energy photons is that lead 
lias a high 2 niml->er (2-82), hence tlie photoelectric absorption component of its 
overall absorption coefficient remains strong for photons with energy up to about 
0.6 MeV. 

The design of various espedicnt slielters, the experience of building a d  liviiig 
in them, and other expedient survival techniques, are described in Nuclear W a r  
Survival SkiZZs (Ke87). -4 review of all types of shelters, including expedient shelter 
designs and tests coiidiicted on them, is given by Chester and Ziiiiiiierrnan (Ch86). 

7.5 F’ALLOUT C AMMA DOSE DISTltlBUTION IN HTJMANS 

An examination of a table of organ doses, as shown in Table 5, from 
radionuclicles on a plane suifilcc, moderately iougli, sliows, among other items, that, 
for a motionless persoii standing erect, the skeleton receives the largest dose for y 
energies less than 0.5 hIcV, aiid the skiii and thyroid receive the largest doses for 
energies of 0.5 to G MeV (Ja8Sn and b). Thcse calculated results may be compared 
with similar calculations for parallel beams of photons at various orientations (Jo73; 
Jo77), or for isotropic radiation (O’B76; 1<083), and with measurenierits using 
human-like phantoms, dosimeters and low~exposurc-rate radia tion sources (Be68).  
These nunhers provide only a relatzve indication of organ doses when applied to an 
actual situation becaiise of the motion and different postures of the subject, and 
variations in the field of radiation due to shielding, iiiievcii fallout deposition, and 
weathering. 

Organ dose-ecjuit-alents at a height of 1 III above-ground are relatively 
independent of source energy for all orgalis except tlie skeleton for photon energies 
from 0.1 to 10 MeV, and fall rapidly to zero for energies below 0.1 MeV. The 
skeleton, due to its high content of calcium, shows a peal; in organ dose- eqivalent 
per kernia (kinetic energy of secondary radiation procliiced per unit mass) at 70 keV, 

d in Figure 21. It is because of this differcnce in photon absorption that 
niedical s rays are able to “see” bones tliroiigli flc:,ll. 

The data in  Talde 5 may IJC combined with the 2 energy spectra shon711 in 
Figures 13 through 16 to grt an idea of tlie rc-lative coiitrilxition of varioiis y energies 
in a fihsion fragaicwt source. In TaLle 5 thc org;~n tloscs (pSv per pliotoii are 
the 1iighc.st for G h4eV photons, h i t ,  from the fission y spectra, the niinibers of 
photons at tliis energy r n q c  are ucgligible comlxired to those at lower energies. 
Photons of this energy ale plentiful in INR (initial miclcar racliation), resulting 
from neutron capture iii riitiogcii of the air. 

From the coiiibiriatioii of dose arid fissioxi--7 spectral data, it appears that the 
photons in the encrgj  range 0.2 1.2 hIeV produce tlie largest equivalc-nt close, with 
a gentle peak in the vicinity of 0.7 MeV, tlic vicinity of the O.GG MeV y emitted 
by Ua137, the dauglitcr of C S ’ ~ ~ .  This inforinatioii is importarit for the design 
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TABLE 5 

DOSE-FACTORS (pSv m2 per y) FOR PHOTON EXPOSURE FROM 
PLANE SOURCES ON THE GROUND. EFFECTIVE DEPTH OF THE 

SOURCE IN THE SOIL IS 3 miii. WE-ICRP IS THE EFFECTIVE 
DOSE EQUIVALENT (ICRP 1977, ICRP 1978). 

(F'rom Jacob, et  al, 1988) 

Energy (MeV) 0.015 0.025 0.035 0.050 0.060 0.080 

Female breast 

Ovaries 

Testes 

Skeleton 

L u q s  

Red marrow 

Thyroid 

Total skin 

hdrenals  

Bladder 

Brain 

Stomach 

Upper L.I. 

Lower L.I. 

Small I. +coiits 

Kidneys 

Liver 

Pancreas 

Spleen 

Thymus 

Uterus 

HE-ICRP 

1.3.10-~ 

1 . 0 . 1 0 - ~  

1 .4 .10 -~  

2.4.10-8 

1.0.10-8 

1 .o. 10-8 

1 .6.10-8 

5.6.10-7 

1.0.10-" 

1.0.10-8 

1.0.10-8 

1.0.10-8 

1.0.10-a 

1.0.10-8 

1.0.30-8 

1.0.10-" 

1.0.10-8 

1.0.10-8 

1.0.20-8 

1 .0 .10 -~  

1.0.10-a 

6.1.10-8 

8.G.10-' 

1.9-10-7 

8 3 .10  

5.7.10-' 

1 .4.10-6 

9.1.10-7 

2.8.10-6 

1 .3 .10 -~  

7.5.10 -- 

1.5.10-6 

5 . 5 .  10 -- 

1.6.10-6 

6.6.10-7 

5.8.10-7 

4.4.10 - 
2.3.10-6 

1.2.10-6 

3 .1 .10-~  

1.1.10-6 

2.3.10-6 

3.1.10-7 

4.610 -- 

2.0.10-5 

3.5-10-6 

1.9.10-5 

2.6.10-~ 

9.5.10-6 

5.0.10-6 

1 . 2 . 1 0 - ~  

2.3.10-5 

6.0.10-6 

7.6.10-6 

6.2.10 -6 

8.5.10-6 

5.5.10-6 

5.2.10-6 

4.9.10-6 

1.0.10-5 

7.8.1 O-' 

3 .84W6 

8.0.10-6 

9.6.10 -6  

4. 1.10-6 

1.3 .10-s  

3.2.10-5 

1.6.10-5 

3.0.10-5 

6.3.1O-s 

2.5.10-5 

1 . 6 . 1 0 - ~  

2.6.10-5 

3.4.10 -5  

1.7.10-" 

2.1 .so - 

2.0. 

2.3 .I. o -5 

1.9. to-"  

1.8.10 - 

1 . 7 .  1.0 - - 5  

2.3.10 - -5 

2.2.10-5 

1.Ii .10-~ 

2.2.10-5 

2.4.10-5 

i.(i-10-5 

2.7.10-5 

4.0.3 w5 

2.6.10-5 

3.5.1Q-5 

8.2.10e5 

3.4.10-5 

2.4.10 -- 

3.G.1 0-5 

4.1.10-5 

2.5.10-5 

3.0.10-5 

2 9.10-5 

3.1.10-5 

2.7.10-'5 

2.6 10-5 

2.6.10-5 

3.1.10-5 

3. I . l o r 5  

2.5.10-5 

3.1.10-5 

3.2.1 0-5 

2.4.1 o - ~  

3.6.10-5 

5.5.10-5 

3.0.1 0 - 

5.3.10-5 

1.1.10-~ 

5.3 4 0 - 5  

4.1*1OU5 

5.5.10-5 

5.G.10d5 

3 .n. 10 - 5 

1 .6,10-s 

.I .F,. 1 n - 5 

4.7.10'-5 

4.3 10-5 

4.1.IIY5 

4.1.1 0 - 5  

4.6.1 OU5 

4.6.1 o - 5 

4.1.10-5 

4.7.10-5 

5.0.1OV5 

3.9.10-5 

5.2.10-5 
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TABLE 5 (Contiiiued) 

Energy (MeV) 0.100 0.150 0.200 0.300 0.500 0.662 

Fe ma 1 c hr r as t 

Ovaries 

Trstes 

S kcle t on 

Liings 

Red marrow 

Thyroid 

Total skin 

hdrenals  

Bladder 

Brain 

Stomach 

Upper  L I 

T,ower L I 

Small I 1-conts 

Kidneys 

Liver 

Pancreas 

S p 1 e m  

l h y m u s  

Uterus 

I1 b,- I c R P 

6.9. 

5.3.10--5 

6.6.10M5 

1.2.1 0 ---4 

G.5.10-5 

5.6.10 -- 

7.1.10-5 

7.1.10-5 

5.4.10-- 

5 .$I. 10 -- 

6.0.10-5 

6.0.1 0-5 

5.7.10 - 5  

5.5.10d5 

5.5.10 - -5  

G . O .  1 0  - 

6.1.10 -5 

s ..;. 10 - 

6 . 1 . 1 0 - ~  

6.2.1 n -4 

5.1.10-5 

G . G . ~ o - ~  

1.5.10-4 

1.2.10-4 

1.4,10-4 

1.8.10-4 

1.4.10W4 

1 .3 .10-4 

1.5.10--4 

1.5,10-4 

1.2.10--~ 

1 . 2 . 1 0 ~ ~  

1.3.10 - -4  

1.3.10-' 

1.2 .10-~  

1.2.10-- 

1 .2 .10 -~  

1.3 .  l o r 4  

1.3.10-~ 

1.1.10.- 4 

1.3 .10-~  

1.3 .10-4  

1.1.10-4 

1.4.10-~ 

2.2.10-t 

13.10-4 

2 .1 .10 -~  

2.4.10-4 

2.1.10 - -4 

1 . 9 . 1 0 - ~  

2 . 3 .  IO-" 

2.3.10 .--' 
1.8.10-' 

1.9.10-4 

2 . 0 . 1 0 - ~  

1.9.10 - 4  

1.8.10-4 

1 . 8 . 1 0 - ~  

1 . 8 . 1 0 - - ~  

1 .9.10P4 

1 .9 .10 -~  

1.7-10--4 

1.9.10-4 

2 .0 .10 , -~  

1.7.1 o - ~  

2.1.10-4 

3.G.10-4 

3 .0 .10-+  

3.3,10W4 

3.6.10P4 

3.4,10W4 

3.1.10-4 

3.6-10-4 

3.8.10W4 

2 . 9 . 1 0 - ~  

3.2. 

3 :I. 10 - ' 
3.1.10-4 

3.0.10-4 

3 .  1.10-4 

3.0.10-' 

3.1.10-4 

3.2.10W4 

2 .o. 10-4 

3.2.1OP4 

3.3.10 -- 

2.8.1 0-4  

3.4.10-4 

4.7.10-4 

4 .0 .10-4  

4.3.10-4 

4.5.1 0 -" 

4.5 .10-4  

4 . 1 . 1 0 - ~  

4.8.1 0 

4 .o. 10 - 4  

3.9.10-' 

4.2.1 0-4 

4.4.10-4 

4.1.10-4 

4.0.10-' 

4.0.10-4 

4.0.10 --' 
4.2.10 - 4  

4.2.10A4 

3.8.10-4 

4.2.10 - 4  

4 .3 .10d4 

3. i .10-4  

4.4  1 0 - -? 



47 

TABLE 5 (Coiitinued) 

- 

Energy (MeV) 

Female breast 

Ovaries 

Testes 

Skeleton 

Lungs 

Red marrow 

Thyroid 

Total skin 

Aclrenals 

Bladder 

Brain 

Stomach 

Upper L.I. 

Lower L.I. 

Stnall 1. +cants. 

Kidneys 

Liver 

Pancreas 

Spleen 

Thymus 

Uterus 

I-Ic-ICRI' 

1 .0 1.25 2 .0 3.0 6.0 
I______ 

8.2.10-4 

7.4.10-4 

7.7. 

7.7.1OU4 

8.0.10-4 

7.4.1Ou4 

8.7.10-4 

8.7.10-4 

7.2.10.- 

7.4.10-4 

8.1.10-4 

7.5.10-4 

7.1.10 -- 

7.3.10--4 

7.2.10-4 

7.6.1 0-4 

7.5.10-4 

i" .O . 1 0-  4 

7.7.10-4 

7 . 7 . 1 0 - ~  

6.0.10-4 

7 B 10-4  

1.2.10-3 

1.1.10-~ 

1.2.10-3 

1 . 1 . 1 0 - ~  

1 . 2 . 1 0 - ~  

1 . 1 . 3 0 - ~  

1.3 40-3 

1 . 3 . 1 w 3  

1.1 

1.2.10-3 

1.2.1 0-3 

1.1.10-3 

1.1.10-3 

1.1.10-3 

1.1.10-~ 

1.1.10-~ 

1.1.10-3 

1.1.10-3 

1 . 2 . 1 0 1 ~  

1.2.10-3 

1 . 0 . 1 0 - ~  

1.2- IO - 3 

1.7.10-3 

1.5.10 --3 

1.7,1OVk 

1 . 6 .10 - -~  

1.7.10-' 

1.6.1 

1.8.10-~ 

1.8.10-3 

1 .5.10-3 

1.6.10-3 

1.7.1 O-" 

1.6.10-3 

1.6.10-3 

1 . 5 . 1 0 - ~  

1.6.10-3 

1.6.10-3 

1.6.10-3 

1 ..5.10-3 

1 . ~ . 1 0 - - ~  

1.7.10 -3  

1 . 5 . 1 0 - ~  

1.7.10-3 

2.9.10-3 

2.7.10-3 

2.5.10-3 

2.7.10-3 

2.8.10-3 

2.7.70-3 

~ . o . s o - ~  

2.9.10-3 

2.9.10 -3 

2.7.1OW3 

2.8.10-3 

2 .7-10-~  

2.7.10-3 

2.7.10T3 

2.7.10-3 

2.8.10-3 

2.7.10-3 

2.7.10-3 

2.7.10-3 

2.9.10-3 

2..5.10 -3  

2 .8 .10 -~  
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Figure 21. Dose equivalents for skeleton, lungs and red marrow per kerma free 
in air at a height of 1 m above-ground for an infinite plane source 011 a surface with 
roughness (effective source depth i s  3 mm). From Jacob, et al., 1988. 
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of radiation protection instruments. A radiation detection device with a higher 
sensitivity to 6 MeV photons than to 0.7 MeV photons would give misleading results 
unless compensation were made for the sensitivity variation. 

7.6 HUMAN EXPOSURE TO FALLOUT 

The only nuclear cletonation that produced fallout with observable harmful 
effects to humans was the BRAVO therrnonuclcar shot on Bikini atoll in the Pacific 
in 1954. This shot had a yield of about twice that expected, due to the unanticipated 
fission of U238 in the outer case of the weapon by high -energy neutrons from fusion 
processes. The fallout therefore went out further than expected, reaching the islands 
of Rongelap, Utirik, and Sifo, from which citizens had not been evacuated (LeS5)) 
and also falling on the Japanese fishing boat, the No. 5 Fukuryu Maru (Sh56). 
Because these people had no idea of the radioactivity in the fallout, no protective 
measures were taken. Rongelappians wcrc evacuated by the US Navy on the 10th 
day after fallout arrived. It has been estirnatcd that the maximum dose received by 
Rongelappians was about 175 rad (Le85). The priniary early symptoms of fallout 
exposure among the Rongelappians were skin lesions due to ,b’ burns from fallout 
particles that adhered to the slcin for a short period. 

Contrary to widely held beliefs among the populace and press, there were no 
fallout, injuries among thc population of Hiroshima or Nagasaki from the atomic 
weapons exploded over them. Both detonations were airbursts in which the fireballs 
encountered no solid materials other than used in the bomb construction. These 
materials were completely vaporized and carried up into the atmosphere by buoyant 
forces. 

However, a rain storm developed about a half hour after the detonation over 
each city (C08l; Ok87). This rain was black, presumably due to soot and dirt 
carried aloft by fires. Some radioactive materials wcre deposited by the rain, because 
low levels of radiation wcre detected in radiation measurements taken at downwind 
locations about 48 days after the detonation (OkS7). The estimated niaxinium unit- 
time reference dose rates are given as 0.5-14 R/h for the Nagasaki downwind area, 
and 0.1 to l .S R/li for Hiroshima. The low level of these estiniatecl radiation rates 
indicate that only a small portion of the nuclear debris cloud was iiitcrcepted by the 
rain clouds in either case. Harmful effects of exposure by humans to this radiation 
would not be expected and was riot rqorted. The cause of radiation illness in the 
Hiroshima population resulted from exposure to initial miclear radiation from the 
detonation and residual radiation produced by neutron activation, not from fallout. 



8.  FALLOUT RADIATION HAZARD 

8.1 BETA RADIATION 

Bcta burns will result if the skin is allowed to bccome dirty or grimy with fallout 
particles that are less than a few days old, and this dirt is not washed off for a period 
of several hours (Le85; Mi71). Early symptoms of such skin contamination include 
itching and burning sensations. Darkeiied or raised skin areas or sores may appear 
within one or two weelis. After two weeks or more, there may be a temporary 
loss of hair. The greater the exposure, the earlier the symptoms will appear. Beta 
burns will not be a problem if fallout particles are brushed or washed off promptly. 
Wearing clothing such as gloves, hats or helmets, scarves, face masks, and long- 
sleeved garments will help to prevent fallout particles from collecting on the skin. 
Writhill a few days after fallout has arrived, its radioactivity will have decayed 
sufficicntly that /3 radiation will not he a hazard under most circuiristances. It may 
be a problem in the first few weelis if a person must lie or crawl on the ground, and 
the skin becomes covered with dust which is not removed for many hours, as may 
be necessary in some military opet ’R  t’ lolls. 

8.2 GAMMA RADIATION 

Because human exposure to y radiation from fallout is usiially acciitiiulated 
over a period of hours to days, the movement of tlie body in the radiation field 
will usually result in exposure of the entire body to the radiation (Ad71; Be72; 
C170). According to NCRP Report No. 42 (NCItP’74), a whole-body exposure of 
50-200 R of y radiation may result in radiation sickness. Because of the approximate 
numerical equivalence between R and cGy for y skin dose (ICRU62), the levels for 
sickness reported in units of roentgens in NCRP 42 will be given here in units of 
cGy to coniforiii with SI usage. Accordiiig to KCRP 42, p. 37, tlie exposure units 
in roentgens can he coiiverted approximately to absorbed dose units in rads at the 
midline of the body by multiplying tlie number of R units by 3/3. This conversion is 
substantiated by measiircineiits by Beck, et al. (BeG8). The same conversion factor 
applies for converting the exposed surface (ares iiot shielded by arms or legs) tissue 
dose in cGys to iiiidliiie dose in cGys. 

By using the 
exposure factors for the stomach am1 skeleton at a 3 energy of 0.662 MeV, the 
comparable factor for bone iiiarrow is 3/4; i.e., tlie cxposure units in roentgens (or 
cGy to exposed surface tissue) can be converted approximately to absorbed dose 
units in rads (or cGys) in boire nim-rmv Ly inultiplying the number of R units (or 
exposed surface tissue cGy units) by 3/4. 

Because of repair iiiechaiiisins wi tliiii tlic body, a whole body radiation dose of 
600 cGy spread out, unifoinily over a period of 20 years would not cause any radiation 
sickness. But if this esposure were received ovcr a bricf period of a week or less, 
i t  would probably result in death, especially if clinical care were not available. It 
is evidetit that the rate of radiiztion exposure is very iinportaiit in producing injury 

Table 5 may be consulted to estimate dose to other organs. 
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that may result in death. Careful evaluation by Morris and Jories (Mo89) of all 
available data for radiation exposure to maninids has resulted in the data for man 
shown in Table 6 .  Exposure levels for LDo5, LDso, arid LDg:, are shown for various 
exposure rates. LD50 is the whole-body raditttion exposiirc level which would be 
lethal to 50% of a large niunlxr of normal males adults, in this case, without clinical 
support. The wide limits for 05% certainty in  the data, as shown in Table 6 ,  indicate 
the lack of data on this subject. 

Some persons may Lecoine vcry sick within a fcw weeks after exposure for a 
week or less to a certain amount of y radiation, but others may not fccl any serious 
effects. If the dose is less than 50 cGy, the injury from radiation should not produce 
symptoms in anyonc. Some persons irradiated in this dose range might experience 
loss of appetite and nausea, but this could also be tlie result of anxiety aiid fear. 

The medical profession has distinguished five clinical levels of severity of 
acute radiation effects correlated with the aiiiouiit of brief whole-body y exposure 
(NCRP74). These levels arc briefly described liere and summarized in Table 7. 

(1) Level I, Whole-Body Gaiiiiiia Dose Producing 50-200 cGy Exposed 
Surface Tissue Dose. Less than half of the persons receiving this dose experience 
nausea and vomiting within 24 h. Afterwards, some may tire easily, but otherwise 
there are no further symptoms. LCSS than 5% iiced medical care. h y  deaths that 
occur after this radiation dose are probably due to additional incdical complications 
a person might have at the same time, such as infections and diseases, injuries from 
blast, or burns. 

(2) Level 11, Whole-Body Gamiiia Dose Producing 200-450 cGy 
Exposed Surface Tissue Dose. More than half of the pcrsons receiving this 
dose expericnce nausea aiid vomiting and are ill for a few days. This illiiess is 
followed by a pcriod of one to tliree weeks when tliere are few if any syniptoxns 
(latent period). At the end of the latent period more than half of thosc exposed 
experience loss of hair. Radiation damage to tlic bloocl-forming organs rcsults in 
a loss of white blood cells, increasing the chalice of illness from infections. Most 
pcrsons iii this category need medical care, but more than lialf will survive without 
treatment. The chances for living are better for those with smaller doses and those 
who get medical care. hiore than half are sick the first few clays, but less tlian half 
die. 

(3) Level 111, Whole-Body Gaiiiiiia Dose Produciiig 450-GOO cGy 
Exposed Surface Tissue Dose. Most of thc pcople receiving this dose experience 
severe nausea and vonitiiig, and are very ill for several days. The latent period 
is shortened to one or two weelis. The main episode of illiiess which follows is 
characterized by much bleeding from the nioutli, throat, and skin, as well as loss of 
hair. Infections siich as sore throat, pneumonia, and enteritis are common. People 
in this group need iiitensivc medical care and hospitalization to survive. Fewer than 
half will survive iii spite of thc best care, tkic cliaiice of survival being poorest for 
those wlio receive the larges t esposures. 

(4) Level IV, Whole-Body Gaiiiiiia Dose Producing GOO to over 
10000 cGy Exposed Surface Tissue Dose. This dose produces an accelerated 
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TABLE 7 

8 

LEVELS OF SICKNESS AND PROBABLE CONDITIONS OF MOST PEOPLE 

AS INDICATED BY SURFACE TISSUE DOSE 
AFTER BRIEF WHOLE-BODY EXPOSURE TO GAMMA RADIATION 

Probable condition 

Range Response during engagement death rate Comments 
Exposure of majority Probable 

Surface Tissue 
Dose (cGy) Medical Able during 

care to engagement 
required perform duties 

0-50 No symptoms No 

50-200 Radiation NO 
siclcness, 
Level I 

200-450 Radiation Yes 
sickness, 
Level I1 

450-600 Radiation Yes 
sickness, 
Level I11 

More than Radiation Yes 
600 sickiiess, 

Levels IV 8t V 

YGS 0 

Yes Less than Deaths will 
5 percent o,ccur in 60 

or more days 

No" Less than Deaths will 
50 percent, occur within 

30-60 days 

No" Morc than Deaths will 

one month 
50 pcrcent occur in about 

No 100 percent Deaths will 
occur in two 
weeks or less 

a Excep t during illncss-free latent period. 
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version of the illness described for Level 111. ALL persons exposed to this dose 
experience severe nausea and vomiting. Without medication, this condition can 
continue for several days or until death. Death can occur in less than two weeks. 
It is unlildy, even with extensive medical care, that many can survive. 

(5) Level V, Several Thousand cGy Whole-Body Gamma Dose. 
Symptoms of rapidly progressing shock come on almost as soon as the dose has 
been received. Death occurs in a period of a few hours to a few days. 

8.3 THE PENALTY TABLE 

Table S shows a simplified system for managing radiation dose accumulation in 
fallout fields, based on experience based on clinical effects of exposure to radiation 
(NCRP74). Examples of the use of the “Penalty” table are given in Appendix I1 of 
NCRP Report No. 42., lladiological Fmtors  Aflecting Decisinn-Making in a Nuclear 
A tack ( N  CRP 74). 

Case C of the Penalty Table indicates that 50% may die if the accumulated 
radiation exposure in one wcek is 450 R (or, the exposed skin close from the whole- 
body radiation is 450 cGy). If this dose were accuinulated at a constant rate, the 
rate would be 2.68 cGy/hr, corresponding to the last column in Table 6, where the 
LDSo dose is shown to be 545 cGy. There is little discrepancy here, actually good 
agreement, considering the uncertainty of the data. Dose accumulation from fallout 
is VA4RIABLE, the highest rate of exposure occurring in the first few hours after 
fallout arrives. Over half of the 450 cGy exposure accuniiilated in a week will be 
received in the first day. 

Consider a situation where fallout arrives at a location at H+4, fallout is 
completed at H+S, the decay rate is t -1 .4 ,  and the exposure rate is such that 
the integrated exposed surface skin dose in oiie week is 450 cGy. At a time of H+S 
the dose rate will be 2s cGy/hr, for which the LDSo is 430 cGy by extrapolation of 
data by Morris and Jones. From this example, it is evident that the Penalty Table 
provides a good giiideline for control of radiation exposure from fallout, and it will 
be valid over a wide range of circumstances. 
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TABLE 8 

THE PENALTY TABLE" 

. 
Accuniulated radiation exposure 

(R) in any period of 

One week One month Four inonths 

Ivfedical care will be needed by- a b C 

A NONE 150 
B SOME (5 percent may dic) 250 
C MOST (50 percent may die) 450 

200 
350 
680 

300 
500 
- 

"This table is taken from RadioIogicab Factors Agecting Decision-Making in a Nisclear 
Attack, National Council on Radiation Protection and Measurements, Report No. 42. 



9. COMPARISON BETWEEN PROMPT 
AND FALLOUT RADIATION EXPOSURE 

9.1 SOURCE DIFFERENCES 

Five categories of niajor differences between radiation from fallout and INR 
(initial nuclear radiation) consist of 1) time factors; 2) area covered; 3) direction of 
radiation; 4) type of radiation; and 5 )  spectrum. Tliese categories are listed and 
briefly described in Table 9. 

Time factors. Certain types of missiles, such as ICBMs and SLBMs, may 
provide a fcw seconds warning by leaving a visible trail in the atmosphere as they 
descend to their target. Taking quick cover in a foxhole, ditch, ciilvert, or a pool 
of water could provide life-saving shielding. Troops may have no warning from 
the INR from a nuclear cannon sliell or a short range missile. In cither case, the 
major pulse of INR will reach the troops witliiii niilliseconds after the detonation 
and will be mostly completed within a second. Troops who have not taken cover 
should attempt to do so even after exposure to the first pulse, because there will 
be continuing intense y radiation for the following iiiiiiute from fission fragments. 
After about, one minute the rising fireball will carry the fission fragments to such a 
height that y radiations reaching the grouiid will be negligible. The decrease in y 
radiation reaching a person on tlie ground results froin a conibiiiatioii of diminishing 
solid angle and iiicreascd air shicldirig due to iiicreasiiig distance, and rapid decay 
of the radiation sources. 

In contrast, fallout waxiiing may be obtained minutes to hours in advance 
of arrival, from observation or a cominuiiication conceriiing an upwind ground 
detonation. Even if advance warning of its arrival is not received, there will be 
time for getting into shclters if wtiiiing is obtained directly from the observation 
of falling particles in  conjuiictioii with ail increase in the readings of radiation 
ratemeters. Detection of tlie arrival of fallout is discussed in Rudiation Safe ty  in 
Shelters (FEhIAS3). 

Aftcr fallout has arrived in an area, a lethal close can be accuinulatcd oiily by 
remaining in an uiisliielded area for riialiy iniiiutes to niany days. Thus, another 
type of time factor tliffcrence between fallout and I N R  radiation is introcluced: the 
rate of accuiiiulatioii of radiation exposure. For INR, the dose rate of 3000 cGy/hr 
in Table G may lie used to indicate lctliality levcls." For fallout, the last two coluiniis 
of extrapolated data are in tlie rnngc that may be crlcountercd. 

It is iiiiportant to recognize that the damaging effects of  close received from IN11 
may be greatly exacerbatcd by subseqiiciit dose received from fallout radiation. 
Evaluation of combat casualties from s i i ch  combined dose will require a special 
metl-iodology to assess equivalent closes from INR neutrons and ys, which must be 
modified l ~ y  a time-dependent adjustiiient factor to include the effects of subsequent 

* Private cominiiiiicatioii, T. D. Jones, Oak Ridge National Laboratory, 1989. 
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TABLE 9 

COMPARISON OF INITIAL NUCLEAR RADIATION 
WITH FALLOUT RADIATION 

INITIAL NUCLEAR RADIATION FALLOUT RADIATION 

1. Time Factors 

Warning Zero warning time to a few 
seconds 

Many minutes to hours 

Buildup time Microseconds Builds up over many minutes to 
hours 

Duration Less than a iniiiute Hazardous for days 

2. Area Coverage 

Less than a few square 
kilonieters 

Tens to himdreds of square 
kilometers 

3. Direction 

Strongly directional from 
detonation mostly horizontal 

Radiation from all directions, 

4. Type of Radiation 

Alpha None Some 

Beta 

GarnIria 

Neutrons 

5 .  Spectrum 

Gamma 

Neutron 

None Hazardous if in contact with skin 
for many minutes to hours 

Intense, high cnergy 

Intense, high penetrating None 

Hazardous to iirisheltered if 
exposed for niinutes to hours 

Early fission-fragmcnt 
spectriun modified by air- 
capture y spectrum 

Broad neutron spectrum 
from zero up to 5-20 MeV 
depending 011 weapon 

Fission spectrum only, varies with 
c1eca.y of component radioisotopes 

Essentially no Iieutrons 



superposition of fallout y dose. Additional rescarcli is required to develop such a 
methodology. 

Area coverage. The range of lethal INR from nuclear detonations will range 
froin around one kilometer froni kiloton-yield warheads to not more than a few 
kilometers for multimegaton warheads. The area covered by lethal fallout can cover 
hundreds of square kilometers. 

Direction. INR will be strongest froin the direction of the detonation, however, 
there will be scattered radiation of lesser iiiteiisity from all othcr directions. A 
dosimeter on the shadow side of a person will read lower than one located on the 
side exposed directly to the detonation, due to lmcly shielding. Because the INR 
pulse is of such short duration, body motions during the pulse will iiot significantly 
distribiite the dose throughout the body. In contrast, fallout radiation will come 
from all the surfaces on which fallout has accumulated, and will continue for days. 
A dosimeter worn on one place on tlie body, such as the brcastpockct, will give a 
fairly accurate indication of the wliolebody dose due to the averaging effect of body 
motions during the long period of exposure (Ad71; Be73). 

Type of radiation. INR contains a strong pulse of neutrons, with energies 
ranging froin thermal up to sevcral MeV, whereas fallout radiation has a negligible 
neutron component. Enhanced neutron weapons will produce up to 10-20 times 
higher neutron Auences than fission weapons, with energies up to 20 MeV. INR 
is composed of neutrons and y radiation only. Fallout radiation has no neutron 
coiiqoiiexit, but is mainly y radiation, with S O I ~  liaznrd under certain circumstances 
from beta aiid alpha radiation. 

Because there are negligible neutron radiations from 
fallout, only the y spectra will be considered ill comparing fallout with XNR 
radiation. INR ys include energetic ys resulting from neutrons captured by air 
nuclei, which may comprise 4040% of the total ys in INR. The fraction increases 
u9ith range dire  to additional “conversio~i” of neutrons into 7 s  by air-niiclei capture. 
This spectruiii, which is aliiiost flat (equal minhcrs of photons per unit energy 
width) froin 1-6 MeV, strongly modifies the fission fragment spectrum during the 
first, second after the detonation. 

Energy spect ruiu. 

9.2 BIOLOGICAL DAMAGE 

‘There is a basic difference in the way neutrons and ys intcract with matter 
to produce the elcctrons, negative ions and free radicals that produce biological 
damage. Iieutrons interact almost entirely with nuclei of atoiiis, whereas ys interact 
with the elcctroiis. Neiitrons in tlie INR spectrum iisually scatter elastically upon 
collisioii with hi@-Z iiuclci, \vi thout subsequent damage to sun-ouiiding inat tcr. 
Biological dainage results prininiily from intcraction of neutrons with Iiydrogen 
nuclei in watcr, causing ejection of a proton which produces iiiany local ionizations, 
the number depending on the proton energy. Because of the higli rate of local energy 
traiisfcr in tissue or bone by energctic protons, the quality factor for biological 
daiiiage by neutron radiatioii i s  grcater than unity, ant1 is depciideiit on the energy 
of the neutron. 



Gaminas in the low end of tlie fallout energy spectrum, below about 0.1 MeV, 
interact strongly with high-Z atoms through the photoelectric effect,, interacting 
preferentially with those electrons having atomic binding cncrgies near the photon 
energy. Gaminas of higher cncrgy interact with electrons primarily through direct 
collisions, called the Coinpton effect. ys with energy of 1.02 MeV or greater may 
also convert into a pair of electrons of opposite charge (positron and electron), a 
process called pair production. In all cascs, free electrons are produced, which then 
produce ionization in the surrounding matter. The quality factor for biological 
damage by fallout ys is unity, except for those of energy less than 0.1 MeV that 
interact with bone. For thc latter case, tlie quality factor is greater than one. 

9.3 DOSIMETRY 

Biological damage incurred by exposure to fallout y radiation contributes (in 
a way that remains to be determined) to damage produccd by exposure to INR. 
The dose received from ueutrons in INR must be properly converted to equivalent 
dose before it may be adcled to the INR and fallout y dose. The Penalty Table 
in Table S limy then be used as a guide for dccision-making. Fiber-electrosope 
dosirncters esist for y dose nicasurcnient that are accurate, rugged, reliable, arid 
inexpensive, but these instruments will provide a misleading reading if exposed to a 
combined pulse of ys and neutroiis. Dosimctry for combined exposure to INR and 
subsequent fallout ys is an area that needs additioiisl research and development. 



PO.  FALLOUT RADIATION MEASUREMENT 
AND DOSE MONITORING 

It should be evident from tlie above discussioii that the geographical shape of 
the fallout radiation field is generally unpredictable, and tlie intensity of radiation 
may vary greatly from one location to another due to irregillarities in deposition, 
weathering, and extrinsic shielding factors. 

Because of the irregularities in radiation intensity, it is essential that every small 
group of persons irioving together as a unit within a fallout radiation field should 
have amongst them at least one radiation rate meter. The rate meter will indicate 
wliether tlie group is advancing into an area of increasing radiation intensity, thus 
permitting possible selection of a path of lesser radiation exposure, if consistent 
with the objectives of the group. 

For the same reasons, it is essential that each person wear a dosimeter, and 
that a record is maintained of total exposure of each individual. The record should 
include the equivalent dose received from INR. If it is not possible to provide every 
person with a dosimeter, then group dosiinetry should be practiced, whereby a 
dosiirieter worn by one person is used to iiidicate dosage to each person in the 
group. Methods of groiip dosiiiitrtry and dosage record1;eeping for fallout radiation 
are descriLed in Radiation S u i e t y  in Shelters (FEhTAS3). 

GO 



11. FORECASTING RADIATION 
RATES AND EXPOSURE 

In order to prcdict whether troops in a fallout situation may become subject 
to the “pe~ialt ies~~ (e.g., 5% may die) specified by the Penalty Table, Table 8, it is 
necessary to have prediction schemes for radiation rates and exposures. Estimates 
of future radiation rates for regions in the immediate vicinity of the shelters will 
be needed for planning future missions iiit,o thesc regions. Futiire accumulated 
exposures of troops will be needed to determine who will be able to leave the shelter 
and for how long, without incurring additional radiation exposure penalty. 

Metliods for predicting radiation rates and exposure arc described in ENW77, 
pp. 390-404. However, thesc methods require knowledge of the unit- time reference 
dose rate and assume that tlie radiation decays as t-1.2. The unit-time reference 
dose rate cannot be measured, but it can be determined if the time of detonation is 
known and if the radiation decay rate is known (assumcd to be t-1.2 in ENW77). 
In a nuclear was, the detonation time of the explosion producing tlie fallout may 
not be known, and the decay rate of fallout radiation will probably not follow t-’e2 
for a number of reasons, as discussed above. Furtlierniore, thc methods described 
in ENW77 clo not apply if the radiation is emitted from fallout having two or inore 
ages, resulting from ground bursts with two or more different times of detonation. 

A method has been developed that circumvents thcse difficulties. This method 
will provide estimates of radiation esposure rates or cumulative exposures for 
intervals of a few days to a few wceks in the future to within +30% from actual 
measurements, provided there is no severe weathering. No  assuniptions are required 
as to time, yield, or location of bursts, the number of bursts, or on tlie rate of decay 
of radiation. The method is valid for a wide range of clccay rates, for n = 0.8 to 1.6 
in the simple decay fornmla t-” (HaS7). The method requires a minirnum of two 
radiation- rate ineasureiiients at the location, with the accuracy increasing with a 
greater number of measuremeiits and a greater time between measurements. The 
improvement in accuracy with greater time between measurements may be assessed 
by consulting graphs in “Forecasting Radiation Rates and Exposure from Multi- 
Aged Fallout” (HaS7). If rain or heavy winds, sand, or snow modify the radiation 
field, then the series of nieasurciiients for predictions must resume after cessation 
of the perturbing weather phenomenon. 

The nomogram in Figurc 22 is intendcd to he self -explanatory. The nomogram 
may be used in different ways, as indicated by the examplcs printed on the chart. 
A potential user should work through thew examples carefully. 

Futurc accuniulatcd exposures at a specific location resulting from fallout 
radiation at that location iiiay be estiniatcd by using the graph in Figurc 23. The 
legend on the graph indicates how it is to be uscd in conjunction with the nomogram 
in Figure 23. 
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NOMOGRAM FOR DETERMINIXG 
EFFECTIVE AGE OF FALLOUT 

Note- Effective age may be dif?erent than sctual age ??pecitill>- I! fello.it IS B rr,;x?ure o? cid and new 

Examplc 1 I f  the first reading obtained by the siurvey ~ C ~ C T  

LI 4 5 R/b and the cacond rending obtained 8 hours later is 2 5 
Whr, the quotient of thr two  readings is  4 5/2 5 - 1 8 Lay 
a ruler or  ctrawht-edge at 1 8 on SCALE I (near "A") and st 8 
on  SCALE 3 h o u r  "B") T h e  locatton where the straight line 
connecting "A" and "B" (the dashed line marked "Example I") 
fallr on SCALE 2 g v e r  the effwtive age of the fallout nt the 
time of the rccond measurement I n  this Lace, the cffcctive 
ago 16 approximately 20 7 hours 

500 f 400 
2030  

1500 

T h e  effective age of fillout cnn be used in several types of 
estimations The simples! u5c is the 7 IO rule Nultiply the 
age by seven At that age. counting from zero age, the 
radiation rate will be ten times lower than it wag st !he tlme of  
the second mcarurement 

In Example 1 the effective age was found to be 20 7 hours 
when the radiation rate was measured to be 2 5 R/hr 
According to the 7 10 rule, the radiation rate will be IO times 
lower, or 0 25 R/hr. at the time when the effective age LE 

equal to 7 times the effective age a t  thc time of measurement, 
or 7120 7 - 144 9 hours T h e  fallout will have an effective 
we of 144  9 hours i t  I time 124 2 (144 9-20 7) hours after 
the lag1 mcuuecmcnt 

f i u n g l e  2 What will be the radi i tmn rate 24 hours after the 
3 5 second meaoursmcnt in Example 17 The effective nge w l l  

then be 20 1+24 - 44 1 hours Lay a rulcr on SCALE 3 at T - 
4 0 24 hours (near "C") and on SCALE 2 at A - 44 7 hours (near 
J 3 "D") 
5 0 Q 11 now the quotionl of the 1st  measured radintion rate 

divided by the FUTURE ridiation rate In this cnse. the 
Iatar is obtained by dividing the value 
diation rate. 2 5 Whr. by Q .  gv ing  

The nrlor will cross SCALE I at Q - 2 5 2  (near "E") 

Q=Quotient obtained 
by dividing 
the value of 
the f i r s t  measurement 
of the radiation rete 
by the d u e  of 

1 1 . 0  1 1 . 0  
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fallout 
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Figure 22. Nornogram for fallout radiation predictions. From Haaland, 1987. 
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The accumulated radiation exponure. E ,  from time b to a future time c at a 

fixed location from undisturbed fallout is &en by 

E * S R p 4 8  

in which Rb is the radiation rate meisurad by a survey mater at the location 

at time b .  Ab is the effective age of the fallout at that time (the effective 

age may be determined with the u8e of the nomoyun) , and F is read from 
the graph after doterminin8 the value of Q .  The value of Q for a future 

time may be found with the nomogram, as illustrated by Example 2 on the 
nomogram. 

QUOTIENT, Q 

Figure 23. Graph for predicting accumulated radiation exposure. From Haaland, 
1987. 



12. DECONTAMINATION 

The radiation exposure at a point in the open air is contributed by fallout on the 
ground and vegetation mainly from the region within a half kilometer of the point, 
as discussed previously. If the fallout can Le washed or carried away, or covered with 
a shielding material, the radiation exposure at the point will be reduced. Washing 
the fallout away may be practical on ships, or on large paved sloping areas where 
there is an abundant water supply. Washing off the tops of high rise buildings will 
reduce the radiation rate to occupants in upper stories. Carrying away thc top 
layer of soil, or covering thc ground with a layer of shielding material is expensive 
and time consuning, and. niay be entirely infeasible or impractical in a battlefield 
sit uatioa. 



13. CQNCLUSIONS 

Fallout radiation is a potential hazard that must be considered for Ithe nuclear 
battlefield. The magnitude of the area covered, the geographical shape, and the 
levels of radiation intensity cannot be precisely predicted. Protection by shelters 
is possible, and radiation dose management through the use of ratemeters and 
dosimeters will reduce tlie potential risk to troops. 
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