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Chapter 5
NUCLEAR RADIATION PHENOMENA

INTRODUCTION
As described in Chapter 1, one of the
special features of a nuclear explosion is the fact
that it is accompanied by the emission of nu-
ciear radiations. These radiaticns consist of
gamma rays, neutrons, beta particles, and a smal!
proportion of alpha particles. Most of the neu-
trons and part of the gamma rays are emitted
during the actual fission or fusion processes (see
paragraphs 1-1 and 1-2, Chapter 1). The re-
mainder of the gamma rays are produced in var-
ious secondary nuclear processes, including
decay of the fission products. The beta particles
are zlso emitted as the fission products decay.
Some of the alpha particles result from the nor-
mal radioactive decay of the uranium or pluto-
nium that does not fission in the weapon, and
others are formed during the fusion reactions
(pgragraph 1-2).

As a result of the nature of the phenom-
ena associated with a nuclear explosion, it is
convenient to consider the nuclear radiations ac
being divided into two categories; initial and
residual. The line of demarcation is somewhat
arbitrarv. but it is generally accepted to be
wUoui 1 minute after the explosion. The initial
nuclear radiations consequently refer to the radi-
ations emitted within 1 minute of the explosion.
These radiations are discussed in Section I of
this chapter. The residual radiations are further
subdivided into neutron induced activity, which
results from neutron activation of the earth be-
low an air burst, and fallout, which is the deposi-
tion of radioactive residues following a surface
or near-surface burst. These iatter two forms of
nuclear radiation are discussed in Sections Il and
111 of this chapter, respectively.

The ranges of alpha and beta particles
are short, and they can be neglected in the con-
sideration of initial radiation. The beta particles,
however, may be a hazard to personnel if fallout
particles are in contact with the skin for pro-
tracted periods of time. The beta particles
emitted by radioactive debris from high altitude
explcsions also may cause intense patches of
ionization in the atmosphere that can interfere
with, or disrupt, radio or radar communications
as described in Chapter 8.

SECTION 1

INITIAL NUCLEAR
RADIATION -

From the standpoint of total energy de-
livered, the principal sources of initial nuclear
radiation (that delivered within 1 minute) are
prompt neutrons (those emitted simultaneously
with the fission or fusion events), gamma rays
from the decay of fission products, and (ic: the
case of an atmospheric burst) secondary gamma
rays from neutron interactiors with nuclei of
the air and ground. Sources of lesser importance
from the standpoint of energy delivered are de-
layed neutrons emitted by some fission prod-
ucts, secondary gamma rays from neutron inter-
actions with *ae materials of the device. and
gamma rays that are emitted simultaneously
with fission. These latter components normally
may be neglected in predicting total doses or
exposures; however, the gamma components
may be important for electronic components
whose vulnerability is determined by dose rate
rather than total dose.
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61 Neutron source {5}

As mentioned previously, the neu-
trons of interest originate during the fission and
fusion processes. The neutron source of interest
js that which exists at the weapon case, i.e., the
source of interest consists of those neutrons that
escape from the exploding weapon. Both the
ni.mber of neutrons and their. spectrum are alter-
ed during transit through the weapon materials.
Thus, the source of interest may be quite differ-
ent from the source of origin (fission or fusion).
The neutron source can be defined properly
only by considering the actual design of a spe-

.cific weapon. No average source can be defined

that will represent mcst weapons with any
degree of accuracy. It is beyond the scope of
this manual to describe the output of a suffi-
cient number of weapon types to present the
user with adequate information concerning the
neutron output for any possible specific situa-
tion. The examples that are presented in suc-
ceeding paragraphs are truly examples and
should not be taken to be representative for pur-

poses of generalization. Further information
concerning nuclear weapons as neutron sources
may be obtained from “Status of Neutron and
Gamma Output from Nuclear Weapons,” DASA
2567 (see bibliography). On the other hand, the
curves shown in Figures 5-9 through 5-13 that
provide the total dose to personnel on or near
the surface of the earth were calculated for eight
specific sources. It is believed that, with the de-
scriptions of the eight sources provided in Table
5-3, one of the eight sources may be selected
that will represent a reasonable estimate of the
total dose to personnel on or near the surface of
the earth for most situations.

Table 5-1 shows the spectra for two
weapons, one pure fission and one thermonu-
clear, for which calculations are available.*
These spectra are also shown in Figure 5-1 and

5-2.
*As mentioned before, the spectra
own 1n Table 5-1 should not be construed as

‘Q‘hm spectra are those that were used in the calculation of

dose to personael from weapon types II and VIII, respectively,
as shown in Figures 5-9 through 5-13.

Table 5-1. ' Weapon Neutron Output Spectra .

Neutron Energy Fission Weapon Thermonuclear Weapon
MeV) (neutrons/kt) (neutrons/kt)
122 -150 162 x 102
100 -122 8.53 x 10!
8.18 -10.0 732 x 1020 6.08 x 102!
636 - 8.18 127 x 102! 546 x 102!
406 - 636 3.00 x 10%! 641 x 102!
235 - 4.06 890 x 102! 122 x 102
111 -235 252 x 102 284 x 102
0.111 - 1.11 384 x 102 6.18 x 102
0.0033- 0.111 222 x 102 171 x 108
Towd ~ 997 x 1022 3.16 x 1023
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(Normalized to 1 kt)

10”_
1082
g L
2 -
o
E] - .
z
= -
=
T
-
[TY —
w
[
(72}
10% =
1d®
0.1
Accession For .
NTIS GRazl
DIIC TaB
Unannounced a

By.

Juzificati oi ﬁ

Distribution/

Avellability Codes

Avail and/or
Dist Special

Al

20

5-3



|

SPECTRUM {nsutrons/kt)

'otl

_ I 1 IR LR | | IR BRI
- -
10" |-
b 1_:— -
0% | -
— —
— -
| 1 1 1 1111 1 1 t 1 1 111
|
oub.l 1 [ o] 20

ENERGY INTERVAL (MeV)

Figure 5-2. . Spectrum for a Thermonuciear Weapon
{Normalized to 1 kt) -



NPT Shpged e an- SN X BN

[ A1)

P VT R

vary with weapon design ever: for
wcapons with the same total neutron output per

Xaten.

52 Exoatmospheric {Vacuum)
Transport

Neutron environments are completeiy
specified by the description of the source and
the distance from the source to the point of
interest if the explosion occurs in a vacuum. If
an explosion occurs sufficiently high that essen-
tially vacuum conditions prevail, it is designated
an exoatmospheric explosion. Since in any case,
the vacuum will be less than perfect, the distinc-
tion between exoatmospheric and endoatmo-
spheric explosions will depend on the degree to
which effects vary from those predicted for a
vacuum.

For perfect vacuum conditions, the neu-
tron iluence is given by

v

N,

(<]

47R2 njem?
.

¢=

where N, is the total number of neutrons emit-
ted by the weapon and R is the distance in centi-
meters. Under these conditions the spectrum
will remain constant, since no interactions can
take place in a vacuum. However, as a result of
the cnergy differences the flux (neutrons cm™?
sec’! ) will be a function of the distance from the
source, ie., the more energetic neutrons will
arrive shead of the less energetic ones. The
energies associated with neutrons produced by
nuclear explosions are sufficiently low compared

to their rest mass energy that their velocities
may be determined from their kinetic energy

by non-relativistic mechanics, ie.,

-l-Mv2 =

3 KE,

where M is the neutron mass, 1.67 x 1024 gm, v
is the velocity, cm/sec, and K.E. is the kinetic
energy in ergs. Using the relationship

1 MeV = 1.6 x 10 ergs,

the velocity is related to the kinetic energy in
MeV as follows

1.38 x 10° VK.E. (MeV) cm/sec,

v =

1.38 x 10% \/ KE. (MeV) km/s=c.

Thus the velocities of 14 MeV, 4 MeV, and 1
MeV neutrons are

v

1.38 x 10* V14 = §.16 x 10* km/sec,
1.38 x 10* \/4 = 2.76 x 10* km/sec,

‘d
]

<
1l

, = 138 x 104 \)l = 1.38 x 10* km/sec.

Expressed in a different manner, the times of
flight will be 19.3, 36.2, and 72.4 it sec/km for
the 14 MeV, 4 MeV, and 1 MeV neutrons, re-
spectively. Thus, although the spectrum will
remain unchanged, the neutrons will arrive at
points several kilometers from the explosion
over periods of tens of microseconds.

53 Neutron Transport Through
Materials

Neutrons undergo three main types of
reactions when traversing matter: elastic scatter-
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ing; inelastic scattering; and capture. In the elas-
tic scattering process, the neutron interacts with
the nucleus of an atom and is scattered away
from its original line of flight. If the nucleus is
light (e.g., the proton that constitutes a hydrogen
nucleus), the neutron may transmit a significant
amount of its energy to the nucleus, and the
scaticidd ucutron will be less energetic than the
incident neutron. If the nucleus is heavy, how-
ever, the energy transmitted to the nucleus will
be insignificant, and the neutron will continue
in a new direction with essentially the same
energy as before the collision. In the inelastic
scattering process, the neutron interacts with the
nucleus with the subsequent emission of a gamma
ray and a neutron with degraded energy. There

" are a variety of capture reactions, most of which

result in the subsequent emission of a charged
particle (generally a proton or alpha particle)
and/or a gamma ray. When the reaction results
solely in the emission of a gamma ray, it is
generally referred to as a radiative capture reac-
tion. As a rule, the probability for capture reac-
tions is small compared to elastic and inelastic
scatiering when the neutron energy exceeds a
few keV. The nuclei remaining after neutron
capture are frequently radioactive. The fission
process described in paragraph 1-1 is a special
case ol neutron-induced reactions. Neutrons that
do not undergo any of the reactions described
above will decay into a proton and an electron
with a half life of about 12.8 minutes. The same
is true of neutrons that undergo scattering, if
they do not undergo some other reaction prior
to decaying. The probabilities of the various reac-

. tions are such that the decay process is most
important for neutrons traveling upwards from a '

relatively high altitude burst. -~

The primary reactions that occur during
neutron transport through air are elastic scatter-
ine. inelastic scattering, and capture by nitrogen

nuclei. These latter two reactions provide a

source of secondary gamma rays that can be

important in some cases, as will be discussed in
subsequent paragraphs.
The neutron =nvironment produced by
nuclear explosions witkin the atmosphere are
much more complicated than those described in
paragraph 5-2 for zxoa’mospheric cases because
of the interactions (hat take place with the
atmospheric constituents. Even for a monoener-
getic source the interactions described above
alter the total neutron fluence that reaches 2
given range, result in a spectral distribution at
that point, and change the time rate and direc-
tion of arrival at the point. As a result of scatter-
ing, the neutrons may arrive at a given point
from any direction. If the source consists of a
spectrum such as those shown in Figures 5-1 and
5-2, the situation is even more complex. In prac-
tice, the calculation of neutron fluences, fluxes,
and spectra at some point distant from an endo-
atmospheric nuclear explosion, or for the in-
terior of a system that is operating exoatmo-
spherically, is perfformed by complex computer
codes. It is beyond the scope of this manual to
provide the means for calculating all of these
quantities or even to provide a description of the
methodology. The latter is contained in Volume
I of the “Weapons Radiation Shielding Hand-
book,” DASA 1892-3 (see bibliography). Select-
ed examples of the change in fiuence and spec-
trum will be provided in succeeding parzgraphs
and figures.

An extensive set of tabulated results of
computer calculations of neutron fluxes and

" doses is contzined in “Time-Dependent Neutron

and Secondary Gamma-Ray Transport in an Air-
Over-Ground Geometry,” ORNL-4289, Vol. 11,
(see bibliography). These data were used to ob-
tain the spectra that would result from the
source spectra shown in Figures 5-1 and 5-2 at
slant ranges of 390, 1,050, and 1,500 meters.
The resulting spectra are shown in Figures 5-3
and 54, respectively. Note that the spectra in
Figures 5-3 and 5-4 show 4x (slant range)® x
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fluence. This does not mean that the spectra will
be the same in all directions. The spectra shown
in Figures 5-3 and 5-4 only apply to low air
bursts and to targets located on or near the sur-
face of the earth. The units for the ordinates in
Figures 5-3 and 54 were chosen to allow a con-
venient visual comparison with Figures 5-1 and
5-2, respectively. Inspection of Figures 5-1
through 54 indicates that the shape of the fis-
sion source spectrum is not changed appreciably
dunng wransit through 1,500 meters of air (the
relative abundance of extremely low energy neu-
trons, much lower energies than shown in Fig-
ures 5-1 through 5-4, will increase, kowever).
The shape of the thermonuclear spzctrum, on
the other hand, does change as the neutrons
penetrate air. The peak that exists at 14 MeV at
the source becomes lower relative to the total,
and the valley between about 8 and 12 MeV at
the source becomes filled in as the higher energy
neutrons are degraded to the 8 to 12 MeV range.
Figurec 5-5 and 5-6 show the neutron

uence for a receiver located on or near the sur-
face of the earth as a function of slant range for
the source spectra shown in Table 5-1. The
flaence is shown for each of the energy intervals
in Table 5-1. The total number fluence for neu-
tron energies above 3.3 keV -is also shown for
each source. Once again the user is cautioned
that these fluences should not be considered
renrecentative They are presented as illustrative

the source spectrum, and this will modify the
spectrum as well as the total number fluence at
some distance from the explosion. Figures 5-5
and 5-6 also illustrate the large change in the
spectral characteristics of the thermonuclear
spectrum when compared to the variations in
the fission spectrum with slant range.

The preceding paragraphs have provided

es of neutron fluences and spectra from
low air bursts for detectors on or near the sur-
face of the ground. The presence of an air-

ground interface can increase or decrease the
neutron intensities by as much as an order of
magnitude compared to- intensities at corre-
sponding distances in an infinite air medium as a
result of reflections and absorption by the
ground. For source detector separation distances
less than a mean-free path,* localized reflection
from the ground generally tends to increase the
intensity of high energy neutrons; however.
initial nuclear radiation is only of interest ;
very low yields at such short distances Since
other wzapon effects normally will be dominant.
At longer distances, the high energy neutron
intensity may be reduced by a factor of five or
more compared to infinite air when both the
source and the detector are at the ground sur-
face. These effects have been included in the
calculations from which the preceding figures
were derived.

The estimation of neutron environments
arounid an endoatmospheric nuclear explosion
for receivers away from the surface of the earth
requires a knowledge of the atmospheric proper-
ties along any path that a neutron might traverse
from the weapon to the point of interest. Al-
though atmospheric properties can change from
day to day and from place to place, most calcu-
lations are based on a standard atmosphere such
as the one described by the National Bureau of
Standards in 1962. The important atmospheric
constituents that affect neutron transport are

Fraction by
Weight
Nitrogen 0.7553,
Oxygen 0.2318.

*8ll A mecan-frec path is the distance in which the rzdiation
intensity is decreased by a factor of e, where ¢ is the base of the
patural logarithms (about 2.718). The length of a mean-free path
depends on the neutron energy and on whether only the direct
fluence or the total (direct plus scattered) fluence is being
considered.
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Near the Surface of the Earth
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at Various Slant Ranges -
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Other minor components of the atmosphere can
be rieelected without serious loss of accuracy.
The other principal feature of the stand-
ard atmosphere is its variation in density with
aititude. The density, p, falls approximately ex-
ponentially with increasing altitude, as is shown
in Table 5-2. Also shown is the quantity of air
above a given altitude, A, which is given by the

alidoo ;hisyd;

afh) = f ).
h

Table 5-2 also shows the density normalized to

the sea level density, p, -
* If two points are at-altitudes k, and h,

~and are separated by a horizontal distance, d,
then the slant range R is given by

R= Va® + (, - h) )

and the mass integral between them is given by

qR) = f p(h')s" = R
©

(U) This expression reduces to

Q(hz) - Q(hl)
hy, - hy

aR) = q(h,) - q(h,)
when d = 0 and (in the limit) to
qR) = p(h)R

when hl = h, (the coaltitude case).*

If the air is characterized by an atomic
density P; for each important constituent, then

"The value of the mass integral as a function of altitudc is
shown in Figure 4-17 for various coaltitude separation distances.

Table 5-2. ‘ The Standard Atmosphere .

- Mass Integral Density
Altitude Air Density Above Altitude Normalized
() @/em’) @em’) to Sea Level (plp,)
12250 x 103 1.0331 x 10° 1.0000 x 10°
5 1.0556 x 1073 85967 x 102 86170 x 107!
10 90477 x 10%* 7.1059 x 102 73859 x 107!
20 65312 x 1074 47525 x 102 53316 x 107!
30 45904 x 1074 30749 x 102 3.7473 x 107!
40 3.0267 x 104 1.9305 x 102 24708 x 1071
50 18756 x 104 1.1973 x 102 15311 x 107!
60 1.1628 x 10 7.4292 x 10! 9.4919 x 102
70 7.1742 x 105 46182 x 10! 58565 x 1072
80 44174 x 10° 28855 x 10! 3.6060 x 102
9% 2.7391 x 10°° 18151 x 10! 22360 x 102
512
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for every centimeter that 2 aeutron traverses,
there are p, atoms of that type within a cross
—sectional area of one cm? with which the neu-
tron can interact. The probability that any reac-
tion (elastic or inelastic scattering or neutron in-
duced reaction) will occur is given in terms of a
cross section o; , (so called because it has units

of area), which is the probability of a given
interaction (r) taking place with a given type of
atom () under the condition that one interac-
tion per unit area is possible. The probability of
intaraction per centimeter is therefore p = i‘ﬁ
p;0; - Since this is also the probability that a
neutron disappears from the incident beam, the
team intensity falls by a factor e’#* after having
penetrated a distance x into the material. It is
often convenient to express the penetration in
terms of the total amount of material *“seen” by
a beam of neutrons, px, where p is the mass
density of the material. In this case, the mass
attenuation coefficient ¥ = u/p is used. Thus, in
the endoatmospheric case, the neutron fluence
at a point depends not only on the spherical
divergence described in paragraph 5-2 for the
exoatmospheric case but also on exponential
attenuation, so that

Noe-‘pR r -
P = — n/cm?,
4rR?

wnare 4 js the radial distance from the source in
centimeters and N is the total number of neu-
trons emitted. ’

It is frequently convenient to replace the
quanuty pR by the mass integrzl g(R) described
above, so that the equation for fluence becomes

Noe“qm)
¢ = ———— n/cm?.
4zR?

This procedure is known as mass integral scaling.
Notice that ¢ will be different for different di-

rections of R urless the atmosphere is essentiaily
vniform, so that contours of constant fluence
usually are not spherically symmetric about the
burst point, although they usually are cylindri-
cally symmetric about a vertical axis unless
asymmetries are introduced by the weapon.

The expressions given above, however,
only represent the component that reaches the
point directly from the source. Scattered neu-
trons also reach the point from other directions.
The result is that the fluence at that point is
larger by a buildup factor B. The magnitude of B
depends on the distance from the scurce, the
energy spectrum of the neutrons, and the prop-
erties of the scattering material in complex
ways. The flux of neutrons (neutrons/cm?-sec)
is altered as a result of the fact that scattered
neutrons travel ionger paths and neutrons of any
given energy will arrive at the point over a linite
time span even after undergoing only elastic
scatterings. This alteration of the flux with dis-
tance is in addition to the alteraticns resulting
from differences in time of flight of different
energy neutrons discussed for exoatmospheric
transport in paragraph 5-2, and further altera-
tions will result from the changes in the spectral
distribution during endoatmospheric transport.
Moreover, the value of the mass attenuation co-
efficient x varies with neutron energy so that
even the direct fiuence must be caiculated by
weighting monoenergetic calcuiations by the
spectral distribution. For a given penetration dis-
tance, this weighting process can be replaced by
using an effective x, but the value of the effec-
tive x will change with distance as a result of
spectral changes.

In practice, the most accurate method
for calculating neutron fluences uses computer
‘codes with accurate meutron cross-section for
each energy group and each scattering or interac-
tion process. This technizue is alsc essential for
following neutrons out of the direct fluence as
well as for calculating the flux. It is beyond the
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