CHAPTER VIII

INITIAL NUCLEAR RADIATION

NATURE OF NUCLEAR RADIATIONS
NEUTRONS AND GAMMA RAYS
8.01 As stated in Chapter I, one of
the special features of a nuclear explosion is the emission of nuclear radiations. These radiations, which are quite
different from the thermal radiation discussed in the preceding chapter, consist
of gamma rays, neutrons, beta particles,
and a small proportion of alpha particles. Most of the neutrons and part of
the gamma rays are emitted in the fission and fusion reactions, i.e., simultaneously with the explosion. The remainder of the gamma rays are
produced in various secondary nuclear
processes, including decay of the fission
products. The beta particles are also
emitted as the fission products decay.
Some of the alpha particles result from
the normal radioactive decay of the uranium or plutonium which has escaped
fission in the weapon, and others (helium nuclei) are formed in fusion reactions \\\(§1.69).
8.02 Because of the nature of the
phenomena associated with a nuclear
explosion, either in the air or near the
surface, it is convenient, for practical
purposes, to consider the nuclear radiations as being divided into two catego324

ries, namely, initial and residual
\\\(§1.02). The line of demarcation is
somewhat arbitrary, but it may be taken
as about 1 minute after the explosion,
for the reasons given in § 2.43. The
initial nuclear radiation, with which the
present chapter will be concerned, consequently refers to the radiation emitted
within I minute of the detonation. For
underground or underwater explosions,
it is less meaningful to separate the
initial from the residual nuclear radiation \\\(§2.82, 2.100), although the distinction may be made if desired.
8.03 The ranges of alpha and beta
particles are comparatively short and
they cannot reach the surface of the
earth from an air burst. Even when the
fireball touches the ground, the alpha
and beta particles are not very importanto The initial nuclear radiation may
thus be regarded as consisting only of
the gamma rays and neutrons produced
during a period of 1 minute after the
nuclear explosion. Both of these nuclear
radiations, although different in character, can travel considerable distances
through the air. Further, both gamma
rays and neutrons can produce harmful
effects in livin.g organisms (see Chapter
XII). It is the highly injurious nature of

I
,

!

NATURE OF NUCLEAR RADIATIONS

these nuclear radiations, combined with
their long range, that makes them such a
significant aspect of nuclear explosions.
The energy of the initial gamma rays
and neutrons is only about 3 percent of
the total explosion energy, compared
with some 35 to 45 percent appearing as
thermal radiation in an air burst, but the
nuclear radiations can cause a considerable proportion of the casualties. Nuclear radiat~on can also damage certain
electronic equipment, as will be seen
later in this chapter.
8.04 Most of the gamma rays accompaning the actual fission process are
absorbed by the weapon materials and
are thereby converted into other forms
of energy. Thus, only a small proportion
(about I percent) of this gamma radiation succeeds in penetrating any distance from the exploding weapon, but
there are several other sources of
gamma radiation that contribute to the
initial nuclear radiation. Similarly,
many of the neutrons produced in fission and fusion reactions \(§ 1.69) are
reduced in energy and captured by the
weapon residues or by the air through
which they travel. Nevertheless, a sufficient number of high-energy neutrons
escape from the explosion region to
represent a significant hazard at considerable distances away.
COMPARISONOF NUCLEAR WEAPON
RADIATIONS
8.05 Although shielding from thermal radiation at distances not too close
to the point of the explosion of a nuclear
weapon is a fairly simple matter, this is
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not true for gamma rays and neutrons.
For example, at a distance of I mile
from a I-megaton explosion, the initial
nuclear radiation would probably prove
fatal to a large proportion of exposed
human beings even if surrounded by 24
inches of concrete; however, a much
lighter shield would provide complete
protection from thermal radiation at the
same location. The problems of shielding from thermal and nuclear radiations
are thus quite distinct.
8.06 The effective injury ranges of
these two kinds of nuclear weapon radiations may also differ widely. For explosions of moderate and large energy
yields, thermal radiation can have
harmful consequences at appreciably
greater distances than can the initial nuclear radiation. Beyond about I1f4miles,
the initial nuclear radiation from a 20kiloton air burst, for instance, would not
cause observable injury even without
protective shielding. However, exposure to thermal radiation at this distance
could produce serious skin bums. On
the other hand, when the energy of the
nuclear explosion is relatively small,
e.g., a few kilotons, the initial nuclear
radiation has the greater effective range.
8.07
In the discussion of the
characteristics of the initial nuclear radiation, it is desirable to consider the
neutrons and the gamma rays separately. Although their ultimate effects
on living organisms are much the same,
the two kinds of nuclear radiations differ
in many respects. The subject of gamma
rays will be considered in the section
which follows, and neutrons will be
discussed in § 8.49 et seq.
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GAMMA RAYS
SOURCESOF GAMMA RAYS
8.08 In addition to the gamma rays
that actually accompany the fission
process, contributions to the initial nuclear radiations are made by gamma

excess energy as gamma rays. This type
of interaction of a fast neutron with a
nucleus is called "inelastic scattering"
and the accompanying radiations are referred to as "inelastic scattering gamma
rays." I The fast neutrons produced

rays from other sources. Of the neutrons
produced in fission, some serve to sustain the fission chain reaction, others
escape, and a large number are inevitably captured by nonfissionable nuclei.
Similar interactions occur for the neutrons produced by fusion. As a result of
neutron capture, the nucleus is converted into a new species known as a
"compound nucleus," which is in a
high-energy (or excited) state. The excess energy may then be emitted, almost
instantaneously, as gamma radiations.
These are called' 'capture gamma
rays," because they are the result of the
capture of a neutron by a nucleus. The
process is correspondingly referred to as
"radiative capture."
8.09 The interaction of weapon
neutrons with certain atomic nuclei provides another source of gamma rays.
When a "fast" neutron, i.e., one hav-

during the fission and fusion reactions
can undergo inelastic scattering reactions with atomic nuclei in the air as
well as with nuclei of weapon materials.
8.10 During the fission process,
certain of the fission products and
weapon products are formed as
isomers.2 Some of the isomers decay
initially by emitting a gamma ray. This
is generally followed by emission of a
beta particle that mayor may not be
accompanied by additional gamma rays.
The initial gamma rays emitted by such
isomers may be considered an independent source of gamma rays. Those
gamma rays that may be emitted subsequently are generally considered to be
part of the fission product decay.
8.11 Neutrons produced during the
fission and fusion processes can undergo
radiative capture reactions with nuclei
of nitrogen in the surrounding atmos- .

ing a large amount of kinetic energy,
collides with such a nucleus, the neutron
may transfer some of its energy to the
nucleus, leaving the latter in an excited
(high-energy) state. The excited nucleus
can then return to its normal energy (or
ground) state by the emission of the

phere as well as with nuclei of various
materials present in the weapon. These
reactions are accompanied by (secondary) gamma rays which form part of
the initial nuclear radiation. The interaction with nitrogen nuclei is of particular importance, since some of the

I The term" scattering" (cf. § 7. 10) is used because, after interacting with the nucleus. the neutron of
lower energy generally moves off in a direction different from that in which the original neutron was
traveling before the collision.
'In an isomer of a particular nuclear species the nuclei are in a high-energy (or excited) state with an
appreciable half-life. The isomers of interest here are those that decay rapidly, with a half-life of about
one thousandth of a second or less. by the emission of the excess (or excitation) energy as gamma
radiation.
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gamma rays thereby prQduced have very
high energies and are, consequently,
much less readily attenuated than the
other components of the initial gamma
radiation.
8.12 The gamma rays produced
during fission and as a result of neutron
interactions with weapon materials form
a pulse of extremely short duration,
much less than a microsecond (§ 1.54
footnote). For this reason, the radiations
from these sources are known as the
"prompt" or "instantaneous" gamma
rays.
8.13 The fission fragments and
many of their decay products are radioactive species, i.e., radionuclides
(§ 1.30), which emit gamma radiations
(see Chapter I). The half-lives of these
radioactive species range from a fraction
of a second to many years. Nevertheless, since the decay of the fission fragments commences at the instant of fission and since, in fact, their rate of
decay is greatest at the beginning, there
will be an appreciable liberation of
gamma radiation from these radionuclides during the first minute after the
explosion. In other words, the gamma
rays emitted by the fission products
make a significant contribution to the
initial nuclear radiation. However, since
the radioactive decay process is a continuing (or gradual) one, spread over a
period of time which is long compared
to that in which the instantaneous radiation is produced, the resulting gamma
radiations, together with part of the
gamma radiations that arise from initial
isomeric decays and interactions of
neutrons with nuclei of the air, are referred to as "delayed" gamma rays.
8.14 The calculated time dependence of the gamma-ray output of a
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hypothetical nuclear weapon is shown in
Fig. 8.14. The energy rate is expressed
in terms of million electron volts
(§ 1.43) per second per kiloton of explosion energy. The gamma rays that
result from neutron capture in nitrogen
occur at late times relative to some of
the other sources becausethe probability
of capture is much greater for low-energy neutrons, i.e., those that have lost
energy by multiple scattering reactions.
The dashed lines in Fig. 8.14 show the
gamma-ray source as it would exist in a
vacuum, e.g., from an explosion above
the normal atmosphere. The gamma
rays that result from inelastic scattering
of neutrons by nuclei of air atoms and
capture in nitrogen would be absent
from such an explosion.
8.15 The instantaneous gamma rays
and the portion of the delayed gamma
rays included in the initial radiation are
produced in nearly equal amounts, but
they are by no me~s equal fractions of
the initial nuclear radiation escaping
from the exploding weapon. The instantaneous gamma rays are produced
almost entirely before the weapon has
completely blown apart. They are,
therefore, strongly absorbed by the
dense weapon materials, and only ~
small proportion actually emerges. The
delayed gamma rays, on the other hand,
are mostly emitted at a later stage in the
explosion, after the weapon materials
have vaporized and expanded to form a
tenuous gas. These radiations thus suffer little or no absorption before emerging into the air. The net result is that, at
a distance from an air (or surface) burst,
the delayed gamma rays, together with
those produced by the radiative capture
of neutrons by the nitrogen in the atmosphere, contribute about a hundred
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times more energy than the prompt
gamma rays to the total nuclear radiation received during the first minute
after detonation (§ 8.47).
8.16 There is another possible
source of gamma rays which may be
mentioned. If a nuclear explosion
occurs near the earth's surface, the
emitted neutrons can cause what is
called "induced radioactivity" in the
materials present in the ground (or
water). This may be accompanied by the

passage through matter, as described in
§ 1.38. In simple terms, a roentgen is
the quantity of gamma radiation (or X
rays) that will give rise to the formation
of 2.08 x 109 ion pairs per cubic centimeter of dry air at S.T.P., i.e., at
standard temperature (O°C) and pressure
(1 atmosphere). This is equivalent to the
release of about 88 ergs of energy when
1 gram of dry air under S.T.P. conditions is exposed to I roentgen of gamma
radiation. 3

emission of gamma rays which will
commence at the time of the explosion
and will continue thereafter. However,
except near ground zero, where the intensity of gamma rays from other
sources is very high in any event, the
contribution of induced radioactivity to
the initial gamma radiation is small.
Consequently, the radioactivity induced
in the earth's surface by neutrons will be
treated in the next chapter as an aspect
of the residual nuclear radiation (§ 9.31
et. seq.).

8.18 The roentgen is a measure of
exposure to gamma rays (or X rays).
The effect on a biological system, such
as the whole body or a particular organ,
or on a material, e.g., in electronic
equipment, however, is related to the
amount of energy absorbed as a result of
exposure to radiation. The unit of energy absorption, which applies to all
kinds of nuclear radiations, including
alpha and beta particles and neutrons as
well as gamma rays, is the "rad." The
rad representsthe deposition of 100ergs
of radiation energy per gram of the absorbing material. In stating the quantity
(or dose) of a particular radiation in
rads, the absorbing material must be
specified since the extent of energy de- .
position depends on the nature of the
material. In tissue at or near the surface
of the body, the gamma (or X-ray) exposure of 1 roentgen results in an absorption of approximately 1 rad,4 but
this rough equivalence does not necessarily apply to other materials. Furthermore, the relationship does not hold for

RADIATION DOSE AND DOSE RATE
8.17 Gamma rays are electromagnetic radiations analogous to X rays,
but, generally of shorter wave length or
higher photon energy (§ 1.74). A measurement unit that is used specifically
for gamma rays (and X rays) is called
the "roentgen." It is based on the abilityof these radiations to cause ionization and produce ion pairs, i.e., separated electrons and positive ions, in their

, According to the official definition, I roentgen produces electrons (in ion pairs) with a total charge of
258 x 10-- coulomb in I kilogram of dry air.
-The rough equivalence between a gamma (or X-ray) exposure of I roentgen and the absorption in
body tissue of I rad holds for photons of intermediate energies (0.3 to 3 MeV). For photon energies
outside the range from 0.3 to 3 MeV, the exposure in roentgens is no longer simply related to the
absorption in rads.
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absorption in tissue in the interior of the
body. However, in describing the biological effects of nuclear radiations in
this book, the energy absorption (in
rads) refers to that in tissue at (or close
to) the body surface nearest to the explosion (§ 12.108).
8.19 There are two basic types of
nuclear radiation measurement both of
which are important for biological effects and damage to materials. One is
the total "exposure" in roentgens of
gamma rays or the total absorbed
"dose" in rads of any radiation accumulated over a period of time. The other
is the "exposure rate" or the "dose
rate", respectively; the rate is the ex-
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for the detection and measurement of
various nuclear radiations. Some of the
instruments described below respond to
neutrons (to a certain extent) as well as
to gamma rays. For gamma-ray measurement, the instrument would have to
be shielded from neutrons. The basic
operating principles of the instruments
are described below and their use for
determining either doses or dose rates is
indicated in §§ 8.29, 8.30.
8.21 Normally a gas will not conduct electricity to any appreciable extent, but as a result of the formation of
ion pairs, by the passage of nuclear (or
ionizing) radiations, e.g., alpha particles, beta particles or gamma rays, the

posure or the absorbeddose received gas becomesa reasonablygood conper unit time. Exposure rates may be ductor. Several types of ionization inexpressed in roentgens per hour or, for
struments, e.g., the Geiger counter and
lower rates, in milliroentgens per hour, the pocket chamber (or dosimeter), for
where 1 milliroentgen is one thousandth the measurement of gamma (and other)
part of a roentgen. Absorbed dose rates radiations, are based on the formation of
can be given correspondingly in rads per electrically charged ion pairs in a gas
hour or millirads per hour. In connec- and its consequent ability to conduct
tion with damage to electronic equip- electricity.
ment, the exposure rates are generally
8.22 Semiconductor
(solid-state)
stated in roentgens per second and the detectors depend on ionization in a solid
absorbed dose rates in rads per second. rather than in a gas. These detectors
MEASUREMENT OF GAMMA
RADIATION
8.20 Thermal radiation from a nuclear explosion can be felt (as heat), and
the portion in the visible region of the
spectrum can be seen as light. The
human senses, however, do not respond
to nuclear radiations except at very high
intensities (or dose rates), when itching
and tingling of the skin are experienced.
Special instrumental methods, based on
the interaction of these radiations with
matter, have therefore been developed

consist of three regions: one is the n (for
negative) region, so called because it
has an excess of electrons available for
conducting electricity, the second is the
p (for positive) region which has a deficiencyof such electrons, and the third is
neutral. In the detector, the neutral region is located between the nand p
regions. A voltage from a battery is
applied across the detector to balance
the normal difference of potential between the outer regions and there is no
net flow of current. When exposed to
nuclear radiation, ionization occurs in
the neutral region and there is a pulse of
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current proportional to the radiation intensity. Semiconductor detectors for
operation at normal temperature are
made of silicon which is either pure
(neutral region) or contains regulated
amounts of impurities, e.g., arsenic or
antimony (n region) or boron or ,aluminum (p region).
8.23 Another type of interaction of
nuclear radiations with matter, either
solid, liquid, or gas, called "excitation," is also used in radiation measurement. Instead of the electron being
removed completely from an atom, as it
is in ionization, it acquires an additional
amount of energy. As a result, the atom
is converted into a high-energy (or excited) electronic state. When an atom
(or molecule) becomes electronically
excited, it will generally give off the
excess (or excitation) energy within
about one-millionth of a second. Certain
materials, usually in the solid or liquid
state, are able to lose their electronic
excitation energy in the form of visible
flashes of light or scintillations. In scintillation detectors, the scintillations are
counted by means of a photomultiplier
tube and associated electronic devices.
8.24 In radio-photoluminescent dosimeters, irradiation produces stable
fluorescence centers which can be stimulated by subsequent ultraviolet illumination to emit visible light. For example, after exposure to gamma (or X)
rays, a silver metaphosphateglass rod or
plate system emits a phosphorescent
glow when subjected to ultraviolet light;
the glow can be measured by means of a
photoelectric detector. In thermoluminescent dosimeters metastable centers are
produced by radiation, and these centers
can be induced to emit light by heating
the material. A thermoluminescent sub-
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stance commonly used in radiation dosimeters is lithium fluoride containing a
small quantity of manganese. The total
light emission from radio-photoluminescent and thermoluminescent dosimeters
is a measure of the absorbed dose in the
sensitive material.
8.25 In most materials, the energy
of the absorbed radiation ultimately appears in the form of heat. Thus, the heat
generated by the passage of radiation is
a measure of the absorbed dose. This
fact is utilized in a special calorimeter
dosimeter consisting of a thin sample of
absorbing material. The energy deposited by the radiation can then be deter;.
mined from the measured temperature
rise and the known heat capacity of this
material.
8.26 Indirect effects of nuclear radiations, notably chemical changes,
have also been used for measurement
purposes. One example is the blackening (or fogging) of photographic film
which appearsafter it is developed. Film
badges for the measurement of nuclear
radiations generally contain two or three
pieces of film, similar to those used by
dentists for taking X rays. They are
wrapped in paper (or other thin material)
which is opaque to light but is readily
penetrated by gamma rays. The films are
developed and the degree of fogging
observed is a measure of the gamma-ray
exposure.
8.27 Other optical density dosimeters depend on the production by radiation of stable color centers which
absorb light at a certain wavelength. An
example is a device that measures radiation by a change in the transmission of
light through a cobalt-glass chip. A lead
borate glass containing bismuth has also
been developed for the measurement of

i
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high levels of radiation, specifically for
use in mixed gamma-neutron environments, Other materials that are utilized
in instruments for the measurement of
radiation by color changes include dyed
plastics, such as blue cellophane and
"cinemoid" film, i.e., a celluloid-like
film containing a red dye.
...general,
8.28 In practice, measuring mstruments
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8.29 Some instruments can record
both the total radiation dose (or exposure) and the dose (or exposure) rate,
but most radiation measuring devices
are designed to indicate either the total
or the rate. Total radiation doses (or
exposures) are measured by personnel
dosimeters worn by individuals who
may be exposed to unusual amounts of
nuclear radiation in the course of their
work. Examples of such instruments are
pocket ion chambers, optical density
devices (especially film badges), and
phololuminescent, thermoluminescent,
and color-change dosimeters, Calorimeters also measure total radition doses.
The charge collection time in semiconductor detectors is so short that these
instruments lend themselves to the
measurement of gamma-ray dose rates

in pulses of very short duration as well
as of the total dose.
8.30 Dose (or exposure) rates are
usually determined by what are called
"survey meters." They may be ion
chambers, Geiger-Mueller tubes, or
scintillation detectors, together with associated electronic counting circuitry. In
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ow, It may be stated
that a single absorbed dose of gamma
rays of less than 25 rads (in body tissue)
will produce no detectable clinical effects in humans. Larger doses have increasingly more serious consequences
and whole-body doses of 1,000 rads
would probably prove fatal in nearly all
cases, although death would not occur
until a few days later,
8.32 As is to be expected, the
gamma-ray dose at a particular location,
resulting from a nuclear explosion, is
less the farther that location is from the
point of burst, The relationship of the
radiation dose to the distance is dependent upon two factors, analogous to
those which apply to thermal radiation.
There is, first, the general decrease due
to the spread of the radiation over larger
and larger areas as it travels away from
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Figure 8.33a. Slant rangesfor specifiedgamma-raydosesfor targetsnearthe ground as a
function of energyyield of air-burst fission weapons,basedon 0.9 sea-level
air density. (Reliability factor from 0.5 to 2 for most fission weapons.)

the explosion center. As with thermal
radiation (§ 7.07), the dose received is
inversely proportional to the square of
the distance from the burst point, so that
it is said to be governed by the' 'inverse
square" law. Second, there is an attenuation factor to allow for the decrease in
intensity due to absorption and scattering of gamma rays by the intervening
atmosphere.
8.33 The gamma-radiation doses at
known distances from explosions of
different energy yields have been measured at a number of nuclear weapons
tests. Extensive computer calculations

_lJH;.~Jjj,;c:

have also been performed of the transport of gamma rays through the air.
These calculations have been correlated
with measurements of the gamma-ray
transport from known sources and with
observations made at nuclear explosions. The results obtained for air bursts
are summarized in the form of two
graphs: the first (Fig. 8.33a) shows the
relation between yield and slant range
for various absorbed gamma-ray doses
(in tissue near the body surface, see
§ 8.18) for fission weapons; the second
(Fig. 8.33b) gives similar information
for thermonuclear weapons with 50
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Slant ranges for specified gamma-ray doses for targets near the ground as a
function of energy yield of air-burst thermonuclear weapons with 50 percent
fission yield, based on 0.9 sea-level air density. (Reliability factor from 0.25
to 1.5 for most thermonuclear weapons.)

percent of their yield from fission(§ 1.72). The data are based on an
average density of the air in the transmission path between the burst point
and the target of 0.9 of the normal
sea-level density.5 Because of variations
in weapon design and for other reasons
(§ 8.127), the gamma-ray doses calculated from Figs. 8.33a and b are not
exact for all situations that may arise.
Figure 8.33a is considered to be reliable

within a factor of 0.5 to 2 for most.
fission weapons, whereas the reliability
factor for Fig. 8.33b is from 0.25 to 1.5
for most thermonuclear weapons. Interpol ation may be used for doses other
than those shown on the figures.
8.34 The use of the gamma-ray
dose curves may be illustrated by determining the absorbed dose received at a
distance of 2,000 yards from a 50-kiloton low air burst of a fission weapon.

'The density referred to here (and subsequently) is that of the air before it is disturbed by the explosion
(cf.§ 8.36).
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SHIELDING AGAINST GAMMA RAYS
8.38 Gamma rays are absorbed (or
attenuated) to some extent in the course
of their passage through any material.
As a rough rule, the decrease in the
radiation intensity is dependent upon the
mass (per unit area) of material that
intervenes between the source of the
rays and the point of observation. This
means that it would require a greater
thickness of a substance of low density,
e.g., water, than one of high density,
e.g., iron, to attenuate the radiations by
a specified amount. Strictly speaking, it
is pot possible to absorb gamma rays
completely. Nevertheless, if a sufficient
thickness of matter is interposed between the radiation source, such as an
exploding nuclear weapon, and an individual, the dose received can be reduced
to negligible proportions.
8.39 The simplest case of gammaray attenuation is that of a narrow beam
of monoenergetic radiation, i.e., radiation having a single energy, passing
through a relatively thin layer of shielding material. In these special (and hypothetical) circumstances, theoretical
considerations lead to the concept of a
"tenth-value" thickness as a measure of
the effectiveness of the material in attenuating gamma rays of a given energy
(cf. § 8.95 et seq.). A tenth-value
thickness is defined as the thickness of
the specified material which reduces the
radiation dose (or dose rate) to one tenth
of that falling upon it; in other words,
one tenth-value thickness of the material
would decrease the radiation by a factor
of ten. Thus, if a person were in a

INITIAL

NUCLEAR RADIATION

location where the tissue dose is 500
rads, e.g., of initial gamma radiation,
with no shielding, the introduction of
the appropriate tenth-value thickness of
any substance would decrease the dose
to (approximately) 50 rads. The addition
of a second tenth-value thickness would
result in another decrease by a factor of
ten, so that the dose received would be
(approximately) 5 rads. Each succeeding tenth-value thickness would bring
about a further reduction by a factor of
ten. Thus, one tenth-value thickness
decreasesthe radiation dose by a factor
of (approximately) 10; two tenth-value
thicknesses by a factor of 10 x 10, i.e.,
100; three tenth-value thicknesses by a
factor of 10 x 10 x 10, i.e., 1,000; and
so on.6
8.40 In shielding against gamma
radiations from a nuclear explosion the
conditions leading to the tenth-value
thickness concept do not exist. In the
first place, the gamma-ray energies
cover a wide range, the radiations are
spread over a large area, and thick
shields are necessary in regions of interest. Evaluation of the effectiveness of
a given shield material is then a complex
problem, but calculations have been
made with the aid of electronic computers. It has been found that, beyond
the first few inches of a shielding material, the radiation attenuation can be
expressed with fair accuracy in many
cases in terms of an effective tenth-value
thickness. This useful result apparently
arises from the fortuitous cancellation of
factors which have opposing effects on
the simple situation considered in
§ 8.39. In the first few inches of the

"The .'half-value thickness" is sometimes used; it is defined as the thickness of a given material which
reduces the dose of impinging radiation to (approximately) one half. Two such thicknesses decrease the
dose to one fourth; three thicknesses to one eighth. etc.
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Figure 8.45a.

Target exposed to scattered gamma radiation.
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Figure 8.45b.

Target shielded from scattered gamma radiation.

I

-Oldx~ ~qJ jO (.Ju~;)J~d I Jnoqe) UO!J;)eJj
Ilews ~4J WOJj P~J;);:Jdx~~q J43'!W ueq1

S~;)UtlJS!P JV "UO!Je!peJ Je~l;)nu le!J!U!
~qJ jO 1Jed ~Jm!1SUO;) os pue '~1nU!W

SUOJJn~u ~q1 lIe ,{lle!1U~SS3 OS.S
.,{JJe;) ,{~41 q:)!qM ,{3'J~U~ UO!S

WOJ} ~sop ~q1 'UO!SOldx~ U01e3'~W!1Inw
e WOJj spJe,{ OOO'Z 1noqe ueqJ J~Je~J3'

~Je UO!SOldx~ Je~l;)nu e 3'u!,{uedwo:);)e

WOJj 1eq1 p~~;)X~ ue;) SuOJ1n~Up~,{el~p

1SJIj ~qJ U!qJ!M p~se~l~J ~Je SUOJJn~u J~Je~J3'S! JeqJpJezeq e ~Jm!JSUO;)rue J!e
p~,{el~p ~s~qJ jO ,{1!Jofew ~qL .,(nu~nb
-~sqns p~JJ!W~ ~Je 'SUOJJn~u "p~,{el
-:lP"

~qJ p~lle;) 'SUOJJn:lu UO!SSIj~q1 jO

Ju~;)J~ I utlqJ ss~l 1eqM~wos 'Uo!J!ppe
uI 'SUOJ1n~U"1dwOJd,, ~q1seoJp~JJ~j~J
~Je ~s~qL "UO!SOldx~ ~qJ jO UO!Je!1!U!
~q1 jO PUO;)~S e jO qJuO!II!W e ueq1

~qJ q3'nOJq1 ~:)ueJS!p~lqeJ~P!Suo:) e ~JeJ1
-~u;:Jd ue;) SUOJJn~N'S~su~s uewnq ~q1
,{q P~1;)~J~p~q ,{lq!ssod

,{ew SUOJJn~u

jO s~sop ~3'Jel ,{J~A ,(luO 's,{eJ ewwe3'
~'!!1 "J~1;)eJeq;)U! Jel!w!s ~Je Sle!J~1eW
u!eJJ~;) ~3'ewep oJ ,{J!l!qe J!~qJ rue ,{poq
~4J uo sJ;)~.lI~ InjwJe4 J!~qJ '(L I "8 §)

ss~l U!qJ!M ',{l~Je!p~ww! Jsowle p~;)np
S~AeM ;)!J~u3'ewOJJ;)~I~~Je s,{eJ ewwe3'
-old ~Je suoJJn~u UO!SSIj ~qJ jO 1U~;)J~d Se~J~qM 'ssew ~lqe!;)~Jdde jO S~I;)!1Jed
66 J~AO rue ~;)rnos J~JJel ~qJ WOJj SUOJJ Je~l;)nu ~Je suoJJn~u 43'noqJIV 6t.S
-n~u ~qJ jO IIV "(69" 'Zt"l
§§) ss~;)oJd
uo!snj JO UO!sslj ~qJ U! J~qJ!~ p~se~'~J
SNO~.LO3N dO S3J~OOS

SNOHLf13N

~qJ
~Je
~qJ
JOj

-j!P ~4J ~,!ew Jq3'!W J! s~;)ueJswn;)J!;)
u!eJJ~;) U! 'qseo UO!SOldx~ ~qJ 3'U!~~S
jO PUO;)~Se U!qJ!M 'J;)~fqo le!1ueJsqns
e PU!q~ ~UOJd 3'U!IIej ,(q "3"~ 'p~U!e1

"3'!d U! UMOqSS! s~se~ Ju~J~.lI!P OMJ JOj
s~w!1 SnO!JeA 01 dn P~A!~;)~J ~sop le101
~qJ jO ~3'eJU~;)J~ ~qL '~sop leJoJ ~qJ
jO ~3'eJu~;)J~ J~3'Jel e ~P!AOJd 'UO!Je!peJ
ewwe3' le!J!u! ~qJ jO SJu~uodwo;) J~q10

"SPl~!,{ ,{3'J~U~J~q3'!q jO SUO!S
-Oldx~ JO} ~lqe;)!J;)tlJd ~JOW ~ PlnoM
~sop ,(eJ-ewwe3' le!1!u! ~qJ jO 1Jed jO
~;)Utlp!OAe JeqJ MOqS Lt"8 "3'!d U! S~Arn;)
~qL 'qJe~p rue ~j!l U~~MJ~ ~;)U~J~j

-qo ~

Plno;) J~Jl~qs ~wos jl

St.S

oJ ~A!Jel~J S:lW!J ~1el 1e 1Ue1Jodw!
q;)!qM 's,{eJ ewwe3' J;)npoJd UO!sslj
'S~;)Ue1S!p J~1e~J3'rue SPI~!,{ J~3'Jel
'snqL
'p~se~J;)UI S! s,{eJ ewwe3'

J;)npoJd UO!ssy ~qJ jO ~;)Ue1Jodw! ~A!J

~qJ rue PI~!,{ ~qJ J~3'Jel ~qL 'u°!1e!peJ
ewwe3' le!1!u! ~q1 jO sJu~uodwo;) leJ~A~S
~qJ jO ~;)ueJJodw! ~A!Jel~J ~qJ J;)~.lIe S~!J
-!Jutlnb OM1 ~s~qL '1u!od Jsrnq ~qJ WOJj
~;)UtI!S!P ~q! rue UO!SOldx~ ~q! jO Pl~!,{
,{3'J~U~~q! ~Je 1Ue;)Ij!U3'!S1S0W~q! :SJoJ

~qJ jO Ju~;)J~ ~ Jnoqe ~se;) J~JJel ~qJ
U! rue JU~;)J;:Jd~9 Jnoqe ~se;) J~WJOj ~qJ
U! JeqJ U~S S! JI "UO!SOldx~ uoJe3'~w-~
e WOJj spJe,{ OO~'Z OJ J~qJo ~qJ rue
Jsrnq J!e uoJol!'!-OZ tI WOJj spJe,{ ()()()' I
jO ~;)ue!s!p e 01 SJ~j~J ~Am;) ~uO "Lt'8

~qJ jO Ju~w~;)uequ~ ;)!weu,{poJp,{q ~qJ
~ II!M J~Je~J3'~qJ '~;)ueJs!p ~qJ J~Je~J3'

~qJ J~J}e PUO;)~S JSJIj ~qJ 3'u!rnp P~A!~;)
-~J S! ;}Sop uo!Je!peJ ewwe3' le!J!u! le10J

-el~J ~qJ 'p~se~J;)U! S! Ju~w~;)uequ~ S!qJ
sv '(9£'8 §) s,{eJ ewwe3' 1;)npoJd UO!sslj

"UO!JeuoJ~p

NOI.LVIGVH HV3"1:JnN "1VI.LINI

OV£

-de~tt\ PI~!A-q~!q JOj ~Sop AeJ-eWWe~
~q! ueq! SS~1 q:Jnw 'J~A~tt\Oq '~Je

U! P~!J:JS~p UO!!:Je ~A!SeA~ ~U 'SAeJ
ewwe~ !:JnpoJd UO!ssy ~q! jO leA!JJe ~q!

-!J!UO:J J!~q! !nq 'SIe!J~!ew uode~tt\ ~q!
uo SAeJ ewwe~ A~J~U~-q~!q jO UO!!:Je
~q! Aq p~:JnpoJd osIe ~Je SUOJ!n~N 'suo

~q! U! p~:JnpoJd SUOJ!n~u ~q.L 'lS'8
'p~A!~:J~J ~Sop UOJ!n~u ~q! uo !:J~jJ~
~P!!l seq snq! SAeJ ewwe~ JOj SV'S §

~u!de:Js~ U! p~AeI~p Apq~!IS ~Je SUOJ!
-n~u UO!Ssy !dwOJd ~q! '~se~I~J sno~u
-e!ue!SU! !SOWIe J!~q! ~!!ds'dQ IS"8
.JOU!W S! Uo!!nq

U! O! p~JJ~j~J SUOJ!n~U tSej ~q! ~Je
SUOJ!n~uA~J~U~-q~!q q:Jns .A~J~U~q~!q
jO UO!~~J~q! U! lie AlIemJ!A ~Je A~q! !nq
'S~!~J~U~ jO ~~ueJ e ~Aeq ss~:)oJd UO!ssy

Aq p~J~jJns SUO!S!lI°:J ~u!J~!!e:Js snOJ~W
-nu ~q! WOJj S~S!Je Ael~p S!U 'uode~tt\
~U!POIdx~ ~q! jO !U~WUOJ!AU~~q! WOJj

q!!tt\ SUO!S!II°:J ~u!J~t!e:Js jO ~Jno:J
~q! UI .UO!!OW jO A~J~U~ "~'! '~JmeU
U! :J!!;}U!~ ~U!~ A~J~U~ J!~q! '6()'S §

q!ed ~ez~!z X~Idwo:J e ~SJ~AeJ!SUOJ!n~U
~q! 'tlns~J e sv 's~np!s~J uode~tt\ ~q!
U! !u~s~Jd !~I:Jnu ~qt qt!tt\ SUOJ!n~u ~qt

~J~qtt\ 'jl~S!! uode~tt\ ~q! U!q!!M '!~I:Jnu
~q! pue SUOJ!n~U!Sej ~q! U~~tt\!~ A~J~U~
jO ~~ueq:Jx~ ue S! ~J~q! '!~I:Jnu :J!wote

e jO tJed qtpuesnoq!-~UO e ueq! ss~l
q:Jnw S! SUOJ!n~U!dwOJd ~qt jO ;:>de:Js~
~q! U! Ael~p ~q! !eq! !sej os ~AOW A~q!
'J~A~tt\OH '~~J~W~ AIIeuy A~q! ~JOj~

~q! U! P~!!!W~ ~U!~ p~AOW~J A~J~U~~q!
'~u!J~!!e:Js :J!!seI~u! jO !InS~J e se A~J~
-u~ ~sol SUOJ!n~u ~q! jO ~wos '!u~s~Jd
~Je 'Wn!UeJn jO ,.~.~ '!~I:Jnu AAe~q

~JOj~ oS! !eq! 'UO!SOIdx~ ~q! jO pUO:J~S S~Sop q!og .tOU ~Je SUOJ!n~u !dWOJd
e U!q!!tt\ P~A!~:J~J ~Je SUOJ!n~u ~q! jO ~q! se~J~qtt\ (9£'S §) !u~w~:Juequ~
lie AIJe~U 'pJezeq e !U~S~Jd~JA~q! ~J~qtt\
!SJnq ~q!

WOJj s~:Jue!s!p !V

'pUO:J~S

:J!WeUApOJpAq O! !:J~fqns ~Je SUOJ!n~u
p~Ael~p ~q! ~sne:J~

'SUOJ!n~u tdWOJd

.StSJnqJ!e uolejj~w-~ pue UOIOI!~-OZ
JO} ~W!I}O UO!I;)Un}e se P~A!~;)~J~SOpUO!le!peJ-ewwejjle!I!U! }O ~jjeIU~;)J~d .LP'g ~Jnjj!d
(SONO:>3S) 3WI.l
O'Z

01

S

'Z

1

S'O

'z'0

"0

SO'O

'z0'0

10'0
0

z

O'z ~

1>"

rl'1

:u

I;)n
1>1'1

9to

~z
~-j

I>~
01'1

09

00
In..,

1'1

.;
c
..

" rI>
~

~,

:u 0-j

1'1
~

~
~

'
...

if!

0

'.,

08 ~

"

"

i
001

[17£

SNO1ll.f13N

,

-""~

"

~'"

..,~~.

.,

JaII1!WSPU1!,(1!SUapJaN\O!aq1 JO asn1!:>aq
uod1!aN\ aq1 U!q!!N\ U1!q1 1uanbaJJ ssa!

S1UaWaJnS1!aw'Play aq1 U! s1sa1 J1!a!:>nu
~U!Jnp ap1!W S1UaWaJns1!awWOld -UO!S

'ssa!aq1JaAaN "!a!:>nu JO UO!J1!J1ua:>uo:>

PU1! 'sa:>JnOSpa!1!Jq!!1!:>,(J011!Joq1!!q1!N\

!1!U°!1:>1!JJaq1 'a:>1!!d !SJY aq1 UI "!U1!1
-Jodw! aJ1! SUO!S!II°:>aq1 JO S1!nSaJaq1

WnJ1:>ads,(~Jaua UOJ1naUaq1 11!q1SJ1!ad
-d1! !! 'su°!11!!n:>!1!;) Ja1ndwo:> aA!SUa!Xa

:>!1S1!!aJad ,(~Jaua UOJ1naUU! aS1!aJ:>ap

,(II1!!1UaSSaSU!1!waJ suod1!aN\ UO!ssy JOJ

Jo !a!:>nu au
-!a!:>nu !q~!! JOJ !sa!1!aJ~
'a~1!JaA1!aq1 uo oS! UO!S!II°:> ~U!Ja111!:>S

!1!:>!~O!O!qJo aJ1!11!q! sa:>U1!1S!P
Jo a~u1!J
aq1 JaAO uod1!aN\ UaA!~ 1! JOJ aW1!Saq1

'!q~!!

S1!O! paJJaJaJ S! UO!!!puo:> S!U -!saJa!u!

-Ja111!:>S
:>!!S1!!au! U! 1!nSaJ ua~OJ1!U q!!N\
SUO!S!II°:>aq1 Jo awos -J!1! aq1 U! SUO!S
-!II°:> ~U!Ja111!:>S
:>!1S1!!a,(q UN\OppaN\o!s
,(!q1!!:>aJdd1! aJ1! SUOJ1naUaq! !1!q1 OS

~U!Jnp as!J1! q:>!qN\ sa:>U1!1Swn:>J!:>
JOUO!1
-1!U!qWO:>1! 01 pa11!!aJS! WnJ1:>ads wn!J
-q!!!nba U1! Jo a:>uaJJn:>:>oaq.t
9S'8
,,-WnJ1:>adSWn!Jq!!!nba" U1!

I

,(!aA!11!!aJaJ1!Ua~oJ!!u PU1!ua~,(xo

-o!dxa aq1 WOJJ a:>U1!1S!Pq1!N\ UO!11!!J1!A aJ1!SUO!S!II°;) asau "aJaqdsOW11!aq1 U!
S1! PU1! WnJ1:>ads ,(~Jaua uoJ!nau aq1 S1UaWa!a Jaq10 PU1!'ua~,(xo 'Ua~OJ1!UJo

1UaJa!J!p f.JaA 1! aA1!q UO!soldxa aq1 Jo
uo!~aJ aq1 WOJJa~Jawa 11!q1SUOJ1naU
aq1

Jo a;)u1!q:>Ja11!aJ~1! aA1!q SUOJ1naU
JaN\o!s
aq1 'aw!1 ~W1!Saq1 1V -UN\OppaN\ols aq

wnJ!:>ads ,(~Jaua aq1 'aJOWJaq1Jnd -SUO!1
-:>1!aJuo!snJ PU1! UO!Ssy aq1 U! pawJoJ
aJaN\ ,(aq1 uaqN\ U1!q1 ,,'WnJ1:>ads ,(~Ja
-ua UOJ1naU" '-a-! 'u°!1nq!J1S!P ,(~Jau~

"s,(1!J1!WW1!~
Jo Uo!ss!wa aq1 01 sp1!a! ,(1I1!nsn aJmd1!;)
aq1 q~noq1!1! 'UO!11!!p1!JJ1!a!:>nuaq1 WOJJ
'q:>ns S1!'pa11!U!W!!a PU1! paJmd1!:>~U!aq

-nau aq1 'a!dw1!xa JOd -J!1! aq! q~nOJq1
!aA1!J! suoJ!nau aq! S1! a~U1!q;) ,(1!W

J1!a!:>nu JO 1UaWaJns1!aw aq1 q1!N\
UO!1;)aUuo:>U! !U1!1Jodw! S!!I
SS'8

!a!:>nu q1!N\SUO!S!II°:>~U!Ja111!:>S
O~Japun
!uaWUOJ!AUa uod1!aN\ aq! ~U!A1!a! SUOJ!

Jo ~U!q1awos N\OU){01 s1:>a!Ja!1!:>!~O!O!q
J!aq1 JO ,(pms aq1 PU1! SUOJ!nau uod1!aN\

01 PU1!,(~Jaua J!aq1 Jo awos ;}Sol 01 SUOJ1 'aAoq1! paq!J:>sap SUO!1:>1!Ja1U!
SnO!J1!A
-nau (,(~Jaua-q~!q) 1S1!Jaq1 JoJ ,(:>uap aq1 Jo a:>u~nbasuo:> 1! sV fS'8

~";
~

-nau aq.t -N\O!SO! a11!!paWJa1U!q~noJq!
!S1!J WOJJ 'a~u1!J ap!N\ 1! ~U!JaAo:> (sa!~

').

aJ1! (paads JO) ,(~Jaua 1SaN\0! Jo SUOJ1

-SUOJ1naU (,(~Jaua-N\OO

-s~u!punOJJns
J!aq1 q1!N\ wn!Jq!!!nba (~Jm1!Jadwa1 JO)
!1!WJaq1U! ,(la11!W!xoJdd1! aJ1!,(aq1 asn1!:>
-aq sUOJ1naU "!1!WJaq1,, pall1!:> ua!Jo

-ua1 1! S! aJau -suoJ1nau aq1 ~U!AIOAU!
SUO!1:>1!Ja1U!
,(U1!W aJ1! aJaq1 'a!dw1!xa
JOJ'punOJ~ aq1 uo UO!11!:>OI1!
01 uod1!aN\
aq1 WOJJ ' J!1!aq1 q~nOJq1a~1!ss1!dJ!aq1 U!
',(puanbasUO;)

N\O!Saq! q!!N\ !sa!1!aJ~ S! aJmd1!:>JO ,(!!
-1!q1!qoJd au -paAOWaJ ,(!a1a!dwo:> aJ1!
,(aq! !1!q! os '(1!-8

§) paJmd1!:> aq U1!:>

-Jaua Jo) spaads aA1!q UO!SOldxa aq! Jo

SUOJ1nauaq1 '!al:>nu Ua~OJ1!U q1!N\ ,(1J1!1 uo!~aJ aq! ~U!A1!a! SUOJ1naUaq1 '!a!:>nu
-n:>!1J1!d 'SUO!s!II°:> awos uI tS'8
!uaJa!J!p q!!N\ In:>:>o q:>!qN\ SUO!S!II°:>Jo
-(LOI-8 §) UO!11!!P1!J1!WW1!~ Jo a:>Jnos ,(!a!J1!Aaq1 Jo asn1!;)ag .UO!11!!p1!J
1!WW1!~
!u1!1Jodw! Ssa! 1! sap!AoJd PU1! I1!AOWaJ

,(q pa!u1!dwo:>:>1! !OU aJ1! PU1! "SUO!S

,(~Jau;). U! s!!nsaJ OS!1!ua~,(xo ,(q SUOJ1 -!II°:> :>!!s1!la" aJ1!asaq1 :sna!;)nu ){:>nJ1S
-nau ,(~Jaua-q~!q Jo ~U!Ja111!:>s
:>!!s1!lauI aq1 01 UOJ1naU!S1!Jaq1 WOJJ,(~Jaua :>!!au
-(vI -8 -~!d '6()-8 §) UO!11!!p1!J1!WW1!~ -!){ Jo J~JSU1!J1
a!dw!s 1! S! aJaq1 '!a!:>nu

i
~

Jo a:>JnOS!1!!1u1!!sqns 1! S! PU1! SUOJ1naU !q~!1 q1!N\ ,(111!!:>adsa'SUO!S!II°:> Jaq10
aq1 WOJJ ,(~Jaua SaAOWaJ q:>!qN\ ~U!
uI -(6().8 §) UO!!1!!p1!J1!WW1!~ Jo WJOJ

NOI.LVIaV~ ~V3'::>flN 'VI.LINI

ZV£

_L,;,~,.

°SUOJln~U !.q !.In[u!

11I:>!gOIO!q}O ~snll:> UIIIW ~ql ;Iq 01 p~J~P!SUO:>

S! ~nSS!1 U! u~gOJp!.q ql!N\ SUOJln~U ISII}}O UO!I:>IIJ~IU! ~ql WOJj gU!llnS~J UO!IIII!:>X~ pUll UO!11I2!UO!9lUo

JO S~!!!!uBnb !U~!:>!lJns 'ss~l~q!J~A~N
0A~W 10PI UBq! J;lMOI S~!~J~U~ q!!M

SB SJ~!uno:> UO!!BII!!U!:>S pUB UO!JBZ!
-UO! q!oq ~sn O! ~Iq!ssod !! S~)(BWsnq!

~q! U! S~!~J~U~ !B wruJ:>~S uoJ!n~u ~q!
U! )(B~ B ~snB:> OJ UodB~M JB~I:>nuow
-J~q! ~ moll ~~J~W~ suoJ!n~'1 :>!!~~J~U;I

-old Jo ~lq~dB:> S! !~q! ~:>uB!sqns B q!!M
P~!B~~Jdw! S! IB!J~!BW snoU~~OJpAq
B l! '~ldwBX~ JOd °SJO!:>~!~PuoJ!n~u

U! ~S~~J:>~psnonu!!uo:> ~q! OJ JSBJJUO:>
U! S! )(B~ S!Q.L 0A ~W PI O! II Jo ~~UBJ

U~~OJpAq q!!M ~U!!:>BJ~!U! SUOJ!n~u Aq
P~SB~I~J suo!oJd 'SUO!!BII!!U!:>s ~u!:>np

~U!SB~J:>U!q!!M SUOJ!n~u 10 J~wnu

-U!:>S~q! JO UO!!B!!:>X~~q! ~SnB:>SWO!B

-~Jd SUodB~M JB~I:>nuOWJ~q! WOJJwru!
-:>~S A~J~U~ UOJ!n~U ~qJ U! )(~~ A~J~
-u~-q~!q ~q! JO ~:>U~!S!X~~q.L °SUod~~M
UO!Ssy JOl p~AJ~SqO A~J~U~ UOJ!n~U

U! Ap:>~J!PU! UO!!B!!:>X~ pUB UO!!BZ!UO!
~:>npoJd UB:> S~~UBJ p~~S ~!BJ~poW
pU~ MOIS ~q! U! SUOJ!n~N 6S"S
°IB!J~!BW UO!!BII!!

~q!

U~~OJpAq q!!M SUOJ!n~u JO UO!J:>BJ~!U! UO!SOldx~~q! 10 UO!~;lJ~q! moll ~!!!W~
~Q.L SO
Ap:>~J!PU! In:>;)o O! UO!!B!!:>X~ JO ;lJB suoJ!n;lu A~J;lU;I-q~!q ;lq! 10 ;lWOS

B!B'

-sed J!~q! U! Ap:>~J!P UO!!B!!:>X~ JO UO!!

~~JBI ~ J;lAO pB;lJds ~U!~ O! UO!!!PPB
U! ';lsnB:>~ 'UO!SOldx;I ;lqJ moll S! !u!od
!Bq! J;lq!JBJ ~q! ss~1 S! UO!!B;)OI U~A!~

U!B!J~:> q!!M UO!!:>~J~JU!J!~q! 10 !lns;lJ
B SB Ap:>~J!PU! S!:>~y~ ~s~q! ~snB:> 'J~A~
-MOq 'UtI:> A;lq.L 0J~!!BW q~nOJq! ;I~BS

S~!~J~U~ q!!M SUOJ!n~u10 UO!!BJ~!I ~q!
U! S!lnS~J wn!!!J! pUB wn!J~!n~p U~~M!~q
UO!!:>B~J JB~I:>nuOWJ;lq! ~q.L LS"S
o~JmdB:>Aq p~AOW~J ~JB
SUOJ!n~u~q! 10 ~wos '(Z£oS § oJ:» B~JB

-nu U;I~OJpAq ;lq! '!lns;lJ B SY °sn~l:>nu
!~q! O! A~J~U~ S!! Jo !J~d ~~JBI B J~JSUBJJ
ABW UOJ!n~u ~q! '~ldwBX~ JOJ 'WO!B
U~~OJpAq B 10 sn;ll:>nu ;lq! q!!M S;lP!1
-10:> UOJ!n~u !SBl B u~qM. O!~I:>nu!q~!1

q:>nw OSIB S! pUB SUOJ!n~u UO!ssy ~q!
liB AIIB!Ju~ss;I 10 !Bq! UBq! J;lJB~J~ AlqB
-J;lP!SUO:>S! A~J~U~ S!q.L 0A~W 10PI 10

10 ~lq~dB:> S! uo!oJd B q:>ns °uo!oJd
A~J;lU;I-q~!q B SB yo S~AOW pUB UOJ!
-:>;11;1P;l!B!;)OSSBS!! WOJJ p~~JJ S! sn~l:>

JB~I:>nuowJ~q! J~q!O ~q! Aq p~:>npoJd
SUOJ!n~u~q! 10 A~J;lU~ ;lq! u~q! J;lJB~J~

!! JO SB~ B q~noJq! ~~Bss~d sJ! U! SJ!~d
UO! 10 J~wnu ~lqBJ~P!Suo:> B ~u!:>npoJd

Apu;lnb;lsuo:) °l~oS § U! P~!J:>S;lp ;lsoq!
O! JBI!W!S Uod~;lM ~U!POldx;I ;lq! U!q!!M
SUO!!:>B~J o~J~pun A~J~U~ q~!q AJ;lA
Jo SUOJ!n~u ~s;lq.L 0(6901 §) SUO!!:>B~J

UO!!BZ!UO! ~snB:> UB:> (U~~OJpAq ~U!U!B!
-uo:> ;I:>UB!sqns AUB q!!M Jo) U;I~OJpAq
q!!M UOJ!n~u !S~l B 10 UO!!:>BJ;I!U! ;lq!
'snq.L °UO!!B!!:>X~ :>!UOJ!:>~I~~snB:> UB:>

J~A;lMoq '~~JB !!un J~

P~A!~:>;lJ

SUOJ!n~u 10 J~wnu IB!O! ~Q.L O!S~J~!U!
Jo S~:>UB!S!PliB !B !UB!SUO:>AII~!!U~SS;I
~ O! SJB~dB ;I~UBJ A~J~U;I JBln:>!!JBd
AUB U! Ju~s;lJd SUOJ!n~uJo (UO!!:>BJJJo)

-BZ!UO! ;I:>npoJd !OU op 's~I:>!!JBd IBJ!n;lU
AIIB:>!J!:>~I~ ~U!~
'suoJ!n~N
SS"S
Xfl~

NO~fl3N

dO .LN3W3}fflSV3W

-wo:> S! '!~I:>nu U~~OJ!!U Aq 'o~o~ '~Jm
-dB:> Aq suoJ!n~u J~MOIS ;lq! 10 ssol ~q!
~J!B;lq! q~noJq! SUOJ!n~u~q! Jo ~~BSSBd

la LlloS §) J!B U! s~:>u~!S!P ~uOI P~I;I
-ABJ! ~ABq SUOJ!n~u ~q! I!!un wru!:>~s
Wn!Jq!l!nb~ UB Jo ;I:>u~JJn:>;)O;lq! S!U~A

uo!!JodoJd ;lq! 'Apu~nb~suo:) °SUOJ!n~u
!S~J Jo UMOp ~U!MOIS ~q! Aq P~!BSU~

o(obaS'

£17£

SNO~.Lfl3N

-;-

,;",-_o_~

"\e!JaleW pay!:!oos e U! SUOJjnau
aql ,{q pal!sodap '{8Jaua aql JOj 8u!MOlIe ,{q a:!uan\l aql WOJjpaA!Jap ;}Que:! asap p;}QJosqeaQ.L"('{8Jaua
leql Ie) aJnsodxa UOJlnaUaql jO aJnseaw e 'asuas e U! 'S! ('{8Jaua uaA!8 e Ie) a:!uan\l UOJlnau:JQ.L.

Wn!ut!Jn JO :;!dOJOS!UtI St! q:)ns '1t!!J~Jt!w p~JOsqt! ~qJ 'snq.L "~nSs!J It!W!ut! f.q
~lqt!UO!Ssy t! JO J~f.t!1 U!qJ Y "SUO!J:)t!~J SUOJJn~u~s~qJ WOJJ dn U~)(t!J~ pinOM
f.q f.IJ:)~J!PU! p~:)npoJd UO!Jt!Z!UO! ~qJ
q:)!qM U! p:;!d°I;}A;}P u~~ ~Aeq SJ~weq:)

St! 'poqJ~W "I!OJ UO!Ssy" ;}q.L ",9'8
"~nleA PloqS;}JqJ ~qJ JO ss~:)x~

q:)!qM f.~J;}U~ ~qJ OJ P;}Jt!I~J S! SUOJJn;}u

UO!Ssy JO ~sn S~)(t!W 'S;}!ldw!

~Wt!U SJ!

U!S~!~J~u~qJ!MSUOJJn~uJoJ~qwnu~qJ
"Ju~leA!nb~
;}nSS!.L"
"(0£'8
§)
~U!WJ;}J;}POJ p;}sn S! pue ,,~nb!uq:)~J JOJ SUO!Je!peJ ewwe~
JOJ p;}sn f.luow
'~td!:)u!Jd It!J~U~~ U! 'Jt!I!W!S !eqM~wos
~Je 'SJ~wt!q:)
UO!ssy put! SJ~Juno:)
UOJoq st! q:)ns 'xnlJ UOJ!n;}u JO Ju~W~Jns

S! ;}Jnp;}:)OJd ;}q.L ,," JO!:);}J;}PPloqS;}JqJ"
e p~lIe:) S! ~nleA (Ploqs~JqJ) Jt!ln:)!JJed
e S~;}:)X;} UOJ!n;}u ;}q! JO f.~J~U~ ~qJ

-wo:) SJ~J;}W (f.~AJns) ~Jt!J ~Sop ~qJ OJ

-:);}J~p PloqS;}JqJ" ~qJ st! P~!J:)S~p u~qJ

U~qM f.luo UO!J:)e~JJO f.J!I!qeqoJd ~Iqe!:)
-e~w ~qJ JOJP~f.oldw~ sJu~wnJJSU! ~q.L
-;}Jddt! UtI St!q q:)!qM JOJ:)~!;}PUO!JeA!J:)t! "f.J!:)°I;}A ~~eJ~At! ~qJ pue ';}WnIOA J!un
uy ,,"SJOJ:);}J~p UO!Jt!A!J:)e,, se UMOU)( J:;!d J~qwnu ~qJ "~'!
'f.J!SU~P UOJJn~u

-!~ 'P~U!WJ~J;}P f.!!Juenb ~q.L "S~!J!su~J
-U! UOJJn~u ~Jnst!~w put! J:)~J~p OJ p;}sn
~ ue:) S;}SS;}:)OJd
uo!JeJ!:)x;} JO Uo!!ez!UO!

-q:);}J ~q.L 'PI;}g UOJ!n~u ~qJ JO ~:)Ut!q
-JmS!p wnw!u!w
e ~:)npoJd f.~qJ Jeq!
os 'I!OJ JO !;};}qs U!qJ JO WJOJ ;}qJ U! p;}sn

~qJ JO J:)npoJd ~q! S! J! ~" xnlJ UOJJn~u"
~qJ P~IIt!:) S! 'f.IJ:)~J!PU! JO f.IJ:)~J!P J~qJ

~Jt! P;}f.oldw;} SIt!!J~!ew ;}qJ put! "UO!!:)~!
-~p UO!JeA!J:)e" se OJ p~JJ~J;}J S! ;}nb!u

~Jt! S!U~W~I~ ~q! ~:)!!:)t!Jd uI 6"p~Jeln:)It!:) J:)~J!PU! ~U!O~~JoJ ~qJ JO IIY
09'8
~ UtI:) ~:)u~nlJ UOJ!n;}u 'SJOJ:)eJUO!SJ;}A
'sq!ed J!;}q! U! UO!Jez!uo!
-uo:) ~!e!JdoJdde JO ~sn ~qJ f.q '~:)U~H
~lqeJ~P!Suo:) ~Ae~1q:)!qM f.~J~U~ q~!q JO
"(zw:)/suoJJn;}u) J~!~W!JU~:) ~Jt!nbs J:;!d (SUO!) S;}I:)!JJed p~~Jeq:) f.lle:)!JJ:)~I~ ~Jt!

sn;}l:)nu wn!J!JJ t! ~:)npoJd OJ (9-wn!qJ!V

JeqJ J:)eJ ~qJ uodn p;}seq ~Je spoqJ~w

~Jt! S~I:)!JJt!d f.'aJ~U~-q~!q put! !~I:)nu
U;}'aOJJ!UI.q p;}Jmdt!:) ~ ue:) SUOJ!n;}u
~qJ JO '(OL" ( §) ~1:)!JJed eqd(e UtI pue

'SUO!J!puo:) ~Je!JdoJddt! J~pUn '(91"8 §)
SUOJJn;}u JO ;}Jmdt!:) ;}q! JO !(nS;}J e
se ~A!J:)eO!peJ ;}Wo:)~q SJU~W~(~U!t!JJ~:)

s~I:)!JJt!d p~~Jt!q:) 'au!J(ns~J ~qJ 'suo!J:)e
-~J ~S;}q! JO q:)e;} UI "(0 II" 8 §) P;}!!!W~

-t!!pt!J JO UO!SS!W~ JO ~JeJ ~qJ I.q p~Jns
-e;}w se 'f.J!A!J:)eO!pt!J ;}qJ JO JU~!X~ ;}qJ

s!u~w~eJJ UO!ssg ~q.L 's:;!dOJOS!wn!ueJn
JO wn!UOJnld JO UO!ssy ~q! WOJJ JlnS~J
OSIt! ue:) SUOJJn~uf.q UO!Jez!UO! J:)~J!P
-UI "UO!JeJ!:)x~JO SJ!t!d UO! ~:)npoJd UtI:)

SUOJJn~use p~ss~Jdx;} '~W!J pue xnlJ ~qJ
JO !:)npoJd ;}qJ '"~"! 'SUOJ!n;}u !U;}P!:)U! JO
"'~:)u~nlJ,, JO ,,'xnlJ p~JeJ~~Ju!" ~qJ OJ
P;}Jt!I~J S! '(qJoq JO ewwt!'a JO eJ~) UO!J

~s~q.L "S;}'aUt!Jf.~J~U~ SnO!JeA U! SUOJJ wn!qJ!1 JO :;!dOJOS!J~Jq'a!1~qJ U! p~Jmde:)
-n~u JO JU;}W;}Jnst!;}w pue UO!J:)~J;}P~qJ ~ ue:) OS(t!SUOJJn;}N'P;}WJOJ;}Je f.'aJ~U~
U! p;}sn f.1~A!SU~!X~ u~~q ~Aeq spoq!~W
"UO!JeA!J:)t!

I!OJ"

'~Aoqe

P~!J:)S;}P

S;}Jnp~:)oJd ~qJ OJ UO!J!ppe UI 19'8
"J~uut!w S!qJ U!
P~U!WJ~J~p ~q ue:) (~nss!J) Spt!J U! ~Sop
NOIJ.VIOVH HV3':JnN

q'a!q Jo-sn~l:)nu

wn!qJ!1 e pue (~I:)!!

-Jt!d eqdlt!) sn~l:)nu wn!l~q e-s~I:)!JJed
p~'aJeq:) f.lle:)!JJ:)~I;} OMJ '(OI-UOJoq)
UOJoq JO :;!dO!OS!J~!q'a!1 ;}qJ f.q ~Jmde:)
~Je SUOJJn~u q:)ns u~qM. "sf.eM J~qJO

'VIJ.INI

iTt7£

-"

"&--

J

NEUTRONS
or plutonium. is exposed to neutrons.
The fission products formed are highly
radioactive, emitting beta particles and
gamma rays. By measuring the radioactivity produced in this manner, the
amount of fission and. hence. the neutron fluence to which the fissionable
material was exposed can be determined.
NEUTRON DOSE DEPENDENCEON
YIELD AND DISTANCE
8.63 A basic difficulty in expressing
the relation between the neutron dose,
yield, and the distance from a nuclear
explosion is the fact that the results vary
significantly
with changes in the
characteristics of the weapon. The materials, for example, have a considerable
influence on the extent of neutron capture and. consequently. on the number
and energy distribution of the fission
neutrons that succeed in escaping into
the air. Further. the thermonuclear reaction between deuterium and tritium is
accompanied by the liberation of neutrons of high energy (§ 8.57). Hence, it
is to be expected that, for an explosion
in which part of the energy yield arises
from thermonuclear (fusion) processes.
there will be a larger proportion of
high-energy (fast) neutrons than from a
purely fission explosion.
8.64 In view of these considerations, it is evident that the actual number
of neutrons emitted per kiloton of explosion energy yield, as well as their
energy distribution. may differ not only
for weapons of different types, i.e.. fission and fusiQn. but also for weapons of
the same kind. Hence, any curve which
purports to indicate the variation of
neutron dose with yield and distance
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cannot be correct for all situations that
might arise. It is with this limitation in
mind that the curves in Figs. 8.64a and
b are presented; the former is for fission
weapons and the latter for thermonuclear weapons with 50 percent of their
yield from fission. The estimated reliability factors are the same as given in
§ 8.33 for Figs 8.33a and b, respectively. The curves give absorbed neutron doses in tissue close to the surface
of the body received near the ground for
low air bursts. The data are based on an
average air density in the transmission
path of 0.9 of the normal sea-level density. If the actual average air density is
higher or lower than this. the neutron
dose will be decreased or increased.
respectively.
8.65 When comparing or combining neutron doses with those from
gamma rays (Figs. 8.33a and b), it
should be noted that the biological effects of a certain number of rads of
neutrons are often greater than for the
same number of rads of gamma rays
absorbed in a given tissue (§ 12.97). As
for gamma rays, the neutron dose decreaseswith distance from the explosion
as a result of the inverse square law and
attenuation by absorption and scattering
in the atmosphere. However, since the
prompt neutrons are emitted during a
short time (§ 8.51). and since those of
major biological significance travel
much faster than the blast wave, there is
no hydrodynamic enhancement of the
(prompt) neutrons dose as there is for
fission product gamma rays. This is one
reason why the garnma-ray dose increases more rapidly with the energy
yield than does the neutron dose. The
data in Figs. 8.64a and b may be regarded as applying to air bursts. For
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TRANSIENT-RADIATION

EFFECTS ON ELECTRONICS (TREE)

fast-neutron fluences as small as lOll or
as large as 1015(or more) neutrons/cm2.
(Fast-neutron fluences referred to in this
section are fission neutrons with energies exceeding 10 keY, i.e., 0.01
MeV).lo The structure of the device has
an important influence on the radiation
resistance of a transistor. As a general
rule, a thin base, as in high-frequency
devices, and a small junction area favor
radiation resistance. For example, diffuse-junction transistors are significantly more resistant than alloy-junction
devices because of the smaller junction
area. Junction and especially thin-film
field-effect transistors can be made that
are quite resistant to radiation. Certain
types of the latter have remained operational after exposure to a fast-neutron
ftuence of 1015neutrons/cm2.
8.80 Damage in MaS (metal-oxide
semiconductor) field-effect transistors is
caused primarily by gamma radiation
rather than by neutrons; hence, the effects are reported in terms of the dose in
rads (silicon). The most sensitive parameter to radiation in these devices is
the threshold voltage, i.e., the value of
the gate voltage for which current just
starts to flow between the drain and the
source. In general, gradual degradation,
i.e., a shift of about 0.5 volt in the
threshold voltage, begins at about 104
rads (silicon) and proceeds rapidly at
higher doses. The sensitivity of MaS
transistors to radiation is, however, dependent on the impurities in the gate
oxide. With improvements in the technique for producing the oxide, the devices are expected to survive doses of
1()6rads (silicon).

351

VacuumTubesand Thyratrons
8.81 The principal transient effect
in vacuum tubes arises from the
(Compton) electrons ejected by gamma
rays (§ 8.89) from the structural parts of
the tube into the evacuated region.
These electrons are too energetic to be
significantly influenced by the electric
fields in the tube. However, their impact
on the interior surfaces of the tube produces low-energy secondary electrons
that can be affected by the existing
electric fields, and as a result the
operating characteristics of the tube can
be altered temporarily. The grid is particularly sensitive to this phenomenon;
if it suffers a net loss of electrons, its
voltage will become more positive and
there is a transient increase in the plate
current. Large ftuences of thermal neutrons, e.g., 1016neutrons/cm2, can cause
permanent damage to vacuum tubes as a
consequence of mechanical failure of
the glass envelope. But at distances
from a nuclear explosion at which such
ftuences might be experienced, blast and
fire damage would be dominant.
8.82 Gas-filled tubes (thyratrons)
exposed to gamma radiation exhibit a
transient, spurious firing due to partial
ionization of the gas, usually xenon.
Additional ionization is caused by collisions between ions and neutral molecules in the gas. As with vacuum tubes,
large ftuences of thermal neutrons can
cause thyratrons to become useless as a
result of breakage of the glass envelope
or failure of glass-to-metal seals.

'0For the dependence of neutron fluences at various energies on the energy yield and distance from a
nuclear explosion';- see Figs. 8.ll7a and b.
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terial. These can usually be identified by
their gradual disappearance (saturation)
after repeated exposures and by their
reappearance after additional exposures
in which there is a considerable change
in the applied voltage, e.g., it is removed or reversed.
8.87 Nuclear radiation can have
both temporary and permanent effects
on the insulating material of cables. If
ionization occurs in the material, the
free electrons produced contribute to its
conductivity. Hence, insulators are expected to have a temporary enhancement
of conductivity in an ionizing radiation
environment. Conduction in the insulator is frequently characterized by two
components: (I) for very short radiation
pulses, a prompt component whose
magnitude is a function of only the instantaneous exposure rate, and (2) frequently at the end of the short radiation
exposure, a delayed component having
approximately exponential decay, i.e.,
rapid at first and then more and more
slowly.
8.88 Permanent damage effects in
cables and wiring are apparent as
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changes in the electrical properties of
the insulating materials. When such
damage becomes appreciable, e.g.,
when the resistance is reduced severely,
electrical characteristics may be affected. The extent of the damage to
insulating materials increases with the
neutron fluence (or gamma-ray dose),
humidity, and irradiation temperature.
Certain types of insulation are quite susceptible to permanent damage. For example, silicon rubber is severely
cracked and powdered by a fluence of
2 x 1015 fast neutrons/cm2. The approximate gamma-radiation damage
thresholds for three common types of
cable insulation are: polyethylene,
I X 107 rads (carbon); Teflon TFE,
I x 1()4rads (carbon); and Teflon FEB,
2 x 1()6 rads (carbon). On the other
hand, some irradiated polyolefins are
capable of withstanding up to 5 x 109
rads (carbon). A considerable degree of
recovery has beenobserved with respect
to insulation resistance; this implies the
possibility of adequate electrical serviceability after moderate physical damage.
"
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INTERACTION OF GAMMA RAYS
WITH MATfER
8.89 There are three important
types of interaction of gamma rays with
matter, as a result of which the photons
(§ 1.74) are scattered or absorbed. The

NUCLEAR RADIATION 12

first of, ~hethe.se!s calle~ the' 'Compton
effect. In thIS Interaction, the gammaray (primary) photon collides with an
electron and some of the energy of the
photon is transferred to the electron.
Another (secondary) photon, with less
energy, then moves off in a new direc-
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"The remaining sectionsof this chaptermay be omitted without loss of continuity.
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tion at an angle to the direction of motion of the primary photon. Consequently, Compton interaction results in
a change of direction (or scattering) of
the gamma-ray photon and a degradation in its energy. The electron which,
after colliding with the primary photon,
recoils in such a manner as to conserve
energy and momentum is called a
Compton (recoil) electron.
8.90 The total extent of Compton
scattering per atom of the material with
which the radiation interacts is proportional to the number of electrons in the
atom, i.e., to the atomic number
(§ 1.09). It is, consequently, greater per
atom for an element of high atomic
number than for one of low atomic
number. The Compton scattering decreases with increasing energy of the
gamma radiation for all materials, irrespective of the atomic number.
8.91 The second type of interaction
of gamma rays and matter is by the
"photoelectric effect." A photon, with
energy somewhat greater than the binding energy of an electron in an atom,
transfers all its energy to the electron
which is consequently ejected from the
atom. Since the photon involved in the
photoelectric effect loses all of its energy, it ceasesto exist. In this respect, it
differs from the Compton effect, in
which a photon still remains after the
interaction, although with decreased
energy. The magnitude of the photoelectric effect per atom, like that of the
Compton effect, increases with the
atomic number of the material through
which the gamma rays pass, and decreases with increasing energy of the

"pair production." When a gamma-ray
photon with energy in excess of 1.02
Me V passes near the nucleus of an
atom, the photon may be converted into
matter with the formation of a pair of
particles, namely, a positive and a negative electron. As with the photoelectric
effect, pair production results in the
disappearance of the gamma-ray photon
concerned. However, the positive electron soon interacts with a negative electron with the formation of two photons
of lower energy than the original one.
The occurrence of pair production per
atom, as with the other interactions,
increases with the atomic number of the
material, but it also increases with the
energy of the photon in excess of 1.02
MeV.
8.93 In reviewing the three types of
interaction described above, it is seen
that, in all cases, the magnitude per
atom increases with increasing atomic
number (or atomic weight) of the material through which the gamma rays pass.
Each effect, too, is accompanied by either the complete removal of photons or
a decrease in their energy. The net result
is some attenuation of the gamma-ray
intensity or dose rate. Since there is an
approximate parallelism between atomic
weight and density, the number of
atoms per unit volume does not vary
greatly from one substance to another.
Hence, a given volume (or thickness) of
a material containing elements of high
atomic weight ("heavy elements") will
be more effective as a gamma-ray shield
than the same volume (or thickness) of
one consisting only of elements of low
atomic weight ("light elements"). An

photon.
8.92 Gamma radiation can interact
with matter in a third manner, called

illustration of this difference in behavior
will be given below.
8.94 Another important point is that
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the probabilities of the Compton and
photoelectric effects (per atom) both
decrease

with

increasing

energy

of the

gamma-ray photon. However, pall.= pro-
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without having undergone any interactions can be represented by the equation
I

L0e-"x.

(8.9.1)13
5

duction, which starts at 1.02 MeV, increases with the energy beyond this

where ~ is called the "linear attenuation
coefficient. " The distance x is usually

value. Combination of the various attenuating effects, two of which decrease
whereas one increases with increasing
photon energy, means that, at some energy in excess of 1.02 MeV, the absorption of gamma radiation by a particular material should be a minimum.
That such minima do exist will be seen
shortly.

'expressed in centimeters, so that the
corresponding units for ~ are reciprocal
centimeters (cm-I). It can be seen from
the equation (8.95.1) that, for a given
thickness x of material, the intensity 1
of the emerging gamma rays will be less
the larger is the value of JA,.In other
words, the linear attenuation coefficient
is a measure of the shielding ability of a
definite thickness, e.g., I cm, I foot, or
other thickness, or any material for a
collimated beam of monoenergetic

GAMMA-RAY An"ENUATION
COEFFICIENTS
8.95 When a narrow (or collimated)
beam of gamma rays passes through a
material, photons are removed as a resuit of the Compton scattering interaction as well as by the photoelectric and
pair-production interactions. In other
words, the scattered photons are regarded as being lost from the beam,
although only part of their energy will
have been deposited in the material. If
such a collimated beam of gamma rays
of a specific energy, having an initial
intensity (or flux) of 10 photons per
square centimeter per second, traverses
a thickness of x of a given material, the
intensity, I, of the rays which emerge

gamma rays.
8.96 The value of JA" under any
given conditions, can be obtained with
the aid of equation (8.95.1) by determining the gamma-ray intensity before
(/0) and after (I) passage through a
known thickness, x, of material. Some
of the data obtained in this manner, for
monoenergetic gamma rays with energies ranging from 0.5 MeV to 10 MeV,
are recorded in Table 8.96. The values
given for concrete apply to the common
form with a density of 2.3 grams per
cubic centimeter (144 pounds per cubic
foot). For special heavy concretes, containing iron, iron oxide, or barytes, the
coefficients are increased roughly in
proportion to the density.

"In this equation, the intensity is the number of (uncollided) photons per square centimeter per
second. A similar equation, with the "linear energy absorption coefficient" replacing the linear
attenuation coefficient, is applicable when the intensity is expressed in terms of the total energy of the
photons per square centimeter per second.

-"~-

--~--
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Table 8.96
LINEAR ATTENUATION COEFFICIENTS FOR GAMMA RAYS

i

Linear Attenuation Coefficient (/L) in cm-1

Gamma-ray Energy
(MeV)

0.5
1.0
2.0
3.0
4.0
5.0
10

Air

1.11
0.81
0.57
0.46
0.41
0.35
0.26

x
x
x
x
x
x
x

10-4
10-4
10-4
10-4
10-4
10-4
10-4

Water

Concrete

0.097
0.071
0.049
0.040
0.034
0.030
0.022

0.22
0.15
0.11
0.088
0.078
0.071
"0.060

Iron)

0.66
0.47
0.33
0.28
0.26
0.25
0.23

,

-

Lead

1.64
0.80
0.52
0.47
0.48
0.52
0.55

8.97 By suitable measurements and cess of 1.02 MeV, pair production
theoretical calculations, it is possible to begins to make an increasingly signifidetermine the separate contributions of
cant contribution. Therefore, at suffithe Compton effect (JLc)' of the photociently high energies the attenuation coelectric effect (JLpe)'and of pair produc- efficient begins to increase after passing
tion (JLpp)to the total linear attenuation through a minimum. This is apparent in
coefficient as functions of the gamma- Fig. 8.97a, as well as in the last column
ray energy. The results for lead, a typiof Table 8.96, for lead. For elements of
cal heavy element (high atomic number) lower atomic weight, the increase does
with a large attenuation coefficient, are not set in until very high gamma-ray
given in Fig. 8.97a and those for air, a energies are attained, e.g., about 17
mixture of light elements (low atomic Me V for concrete and 50 Me V for
number) with a small attenuation coef-water.
ficient, in Fig. 8.97b. Except at ex8.98 The fact that the attenuation
tremely low energies, the photoelectric
coefficient decreases as the gamma-ray
effect in air is negligible, and hence is energy increases, and may pass through
not shown in the figure. At the lower a minimum, has an important bearing on
gamma-ray energies, the linear attenua- the problem of shielding. For example,
tion coefficients in both lead and air a shield intended to attenuate gamma
decreasewith increasing energy because rays of I MeV energy will be much less
of the decrease in the Compton and effective for radiations of 10 MeV enphotoelectric effects. At energies in ex- ergy because of the lower value of the
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Linear attenuation coefficient of lead as function of gamma-ray energy.
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attentuation coefficient, irrespective of
the material of which the shield is composed.
8.99 An examination of Table 8.96
shows that, for any particular energy
value, the linear attenuation coefficients
increase
from left to right, that is, with
...1

for iron is about 0.027 in the same units
(g/cm 2).
8.101 If the symbol p is used for the
density of the shield material, then
equation (8.95.1) can be rewritten in the
form

a given thickness of a denser substance
will attenuate the gamma radiation more
than the same thickness of a less dense
material. This is in agreement with the
qualitative concept that a small thickness of a substance of high density will
.ransmlsslon
make as effective
a gamma-ray shield as

where IIIo is the transmission factor of
the shield of thickness x cm, and IJip is,
by definition, the mass attenuation coefficient. Taking ~/p to be 0.023 g/cm2
for initial gamma rays, it follows from
equation (8.101.1) that
T
..
f actor =

IncreaSIng

a greater
.e-°O23pz

density

of

thickness

of

the

one

material.

of

II '0

Thus,

lower

=

e-!'z

=

den-

e-(!'/p)

=

(pz) '

10-oolpz.

(8 .. 101

1)

(8.101.2)

slty (§ 8.38 et seq.).

MASS ATfENUATION COEFFICIENT
8.100 As a very rough approximation, it has been found that the linear
attenuation coefficient for gamma rays
of a particular energy is proportional to
the density of the absorbing (shield)
material. That is to say, the linear attenuation coefficient divided by the
density, giving what is called the' 'mass
attenuation coefficient,"
is approximate.lythe same for all substances for a
specified gamma-ray energy. This is
especially true for elements of low and
medium atomic weight, up to that of
iron (about 56), where the Compton
effect makes the major contribution to
the attenuation coefficient for energies
up to a few million electron volts (cf.
Fig. 8.97b). For the initial gamma rays
of higher energy, the effective mass attenuation coefficient (§ 8.104) is close
to 0.023 for water, wood, concrete, and
earth, with the densities expressed in
grams per cubic centimeter. The value

~

~~~

"~

In the absence of better information, this
expression may be used to provide a
rough idea of the dose transmission factor, as defined in § 8.72, of a thickness
of x centimeters of any material (of
known density) of low or moderate
atomic weight.
8.102 The simple tenth-value
thickness concept described in § 8.39 is
based on equation (8.95.1). For such a
thickness the transmission factor is 0.1
and if the thickness is represented by
~ I' it follows that
0.1 = e-!'ZOI
or
XO1=2~

cm. (8.102.1)
~

If ~/p is taken to be 0.023 g/cm2 for the
initial gamma radiation of higher energy
then, as a "rule-of-thumb" approximation,
x (cm) =
100
0I
p(g/cm3)
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or the equivalent
T(ft) = ~
where,

as in § 8.42,

(8.102.2)
Tis

the

tenth-value
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and the energy of the impinging radiation; thus, equation (8.95.1) is now
written as
I =

I B(x)c,.'
O'

thickness in feet and D is the density of
the material in Ib/ft3. It follows, therefore, that for the less-dense materials,
for which Jj./p is close to 0.023 g/cm2,
the product D x T should be equal to
about 200 Ib/ft2 for gamma rays of
higher energy. This is in agreement with
the values in the last column of Table
8.41 for nitrogen capture (secondary)
gamma rays. The D x T for iron (or
steel) is smaller than for the other materials because Jj./pis larger, namely about
0.027 g/cm2, for the gamma rays of

Values of the buildup factor for a variety
of conditions have been calculated for a
number of elements from a theoretical
consideration of the scattering of photons by electrons. The fact that these
values are frequently in the range from
10 to 100 shows that serious errors
could arise if equation (8.95.1) is used
to determine the attenuation of gamma
rays by thick shields.
8.104 It will be apparent, therefore,
that equation (8.95.1) and others
derived from it, such as equations

higher energy.

(8.101.2) and (8.102.1), as well as the
simple tenth-value thickness concept,
will apply only to monoenergetic radiations and thin shields, for which the
buildup factor is unity. By taking the
mass attenuation coefficient to be 0.023
for less dense materials (or 0.027 for
iron), as given above, an approximate
(empirical) allowance has been made for
both the polyenergetic nature of the
gamma radiations from a nuclear explosion and the buildup factors due to multiple scattering of the photons. The resuIts are, at best, applicable only to
shields with simple (slab) geometries.
Furthermore, practical radiation shields
must absorb neutrons as well as gamma
rays, and the gamma radiation produced
in the shield by inelastic scattering and
radiative capture of the neutrons may
produce a greater intensity inside the
shield than the incident gamma radiation. Consequently, any problem involving gamma radiation shielding,
especially in the presence of neutrons, is
complex, even for relatively simple

THICK SHIELDS:

BUILDUP FACTOR

8.103 Equation (8.95.1) is strictly
applicable only to cases in which the
photons scattered in Compton interactions may be regarded as having been
removed from the gamma-ray beam.
This situation holds reasonably well for
narrow beams or for shields of moderate
thickness, but it fails for broad beams or
thick shields. In the latter circumstances, the photon may be scattered
several times before emerging from the
shield. For broad radiation beams and
thick shields, such as are of interest in
shielding from nuclear explosions, the
value of /, the intensity (or dose) of the
emerging radiation, is larger than that
given by equation (8.95.1). Allowance
for the multiple scattering of the radiation is made by including a "buildup
factor," represented by B(x), the value
of which depends upon the thickness x
of the shield, the nature of the material,

~=-~-
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structures; appropriate computer codes
are thus necessaryto obtain approximations of the attenuation. In the absence
of better information, however, the effective tenth-value thicknesses, as given
in Table 8.41 or derived from equation
(8.102.2), can be used to provide a
rough indication of gamma-ray shielding.
THE INITIAL GAMMA-RAY
SPECTRUM
8.105 The major proportion of the
initial gamma radiation received at a
distance from a nuclear explosion arises
from the interaction of neutrons with
nuclei, especially nitrogen, in the atmosphere and from the fission products
during the first minute after the burst.
Gamma rays from inelastic scattering
and neutron capture by nitrogen have
effective energies ranging up to 7.5
MeV (or more) and those from the fission products are mainly in the 1 to 2
MeV range. After passage through a
distance in air, some of the photons will
have been removed by photoelectric and
pair-production effects and others will
have had their energies decreased as a
result of successive Compton scatterings. There will consequently be a
change in the gamma-ray energy distribution, i.e., in the spectrum.
8.106 Information concerning the
gamma-ray spectrum of the initial radiation is important because the susceptibilityof living organisms and of various
electronics components, the attenuation
properties of air and shielding materials,
and the response of radiation detectors
are dependent upon it. Although the
interactions of both neutrons and
gamma rays with the atmosphere, which

-i~tt4~ti,(i;:-
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determine the gamma-ray spectrum, are
complex, it is possible to calculate the
spectrum at various distances from a
nuclear explosion. Computations of this
kind have been used to estimate
gamma-ray doses, as will be seen later
(§ 8.125 et seq.). As an example, Fig.
8. 106 shows the spectrum of the initial
gamma radiation received at a distance
of 2,000 yards from the explosion of a
fission weapon with an energy yield of
20 kilotons. At this range, some 70
percent of the gamma-ray photons have
energies less than 0.75 MeV. It should
be remembered, however, that the photons of high energy are the most hazardous and also are the most difficult to
attenuate.
INTERACTIONS OF NEUTRONSWITH
MATTER
8.107 The modes of interaction of
neutrons with matter are quite different
from those experienced by gamma-ray
photons. Unlike photons, neutrons are
little affected by electrons, but they do
interact in various ways with the nuclei
of atoms present in all forms of matter.
These neutron-nucleus interactions are
of two main types, namely, scattering
and absorption. As already seen, scattering reactions can be either inelastic (§
8.09) or elastic (§ 8.52). In inelastic
scattering part of the kinetic energy of
the neutron is converted into internal (or
excitation) energy of the struck nucleus;
this energy is then emitted as gamma
radiation. For inelastic scattering to
occur, the neutron must initially have
sufficient energy to raise the nucleus to
an excited state. The magnitude of this
energy depends on the nature of the
nucleus and varies greatly from one el-

-
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Figure 8.106.

Spectrum of initial gamma radiation 2.000 yards from a 20-kiloton explosion.

ement to another. However. a rough
general rule is that for many, but not all,
heavy or moderately heavy nuclei, e.g.,
iron and uranium, inelastic scattering
may occur for neutrons with energies
ranging from a few tenths Me V to as
low as a few tens of keV. For lighter
nuclei, inelastic scattering is possible
only when the neutrons have higher energies. Significant inelastic scattering
occurs only for neutron energies above
about 1.6 MeV for nitrogen and about 6
MeV for oxygen. Neutrons with energies below the appropriate threshold
values for the nuclei present in the medium cannot undergo inelastic scattering.
8.108
When elastic scattering
occurs, the interaction of the neutron

with a nucleus is equivalent to a collision between two billiard balls; kinetic
energy is conserved and is merely
transferred from one particle to the
other. None of the neutron energy is
transformed into excitation energy of
the nucleus and there is no accompanying gamma radiation. In contrast with
inelastic scattering, elastic scattering
can take place with neutrons of all energies and any nucleus. For a given
angle of impact, the fraction of the kinetic energy of the neutron that is transferred to the nucleus in a collision is
dependent only on the mass of the latter.
The smaller the mass of the nucleus the
greater is the fraction of the neutron
energy it can remove. Theoretically, the
whole of the kinetic energy of a neutron

362
could be transferred to a hydrogen nucleus (proton) in a single head-on collision, In fact, hydrogen, the lightest element, offers the best means for rapidly
degrading fast neutrons with energies
less than about 0.5 MeV. It is for this
reason that hydrogen, e.g., as water, is
an important constituent of neutron
shields (§ 8.67). For neutrons of higher
energy than 0.5 MeV, it is better to take
advantage of inelastic scattering to slow
down the neutrons. The heavy element
in the special concretes described in §
8.69 serves this purpose.
8.109 The second fundamental type
of interaction of neutrons with matter
involves complete removal of the neutron by capture. Radiative capture (§
8.08) is the most common kind of capture reaction; it occurs to some extent,
at least, with nearly all nuclei. The
probability of capture is greater for slow
neutrons than for those of high energy.
Most light nuclei, e.g., carbon and oxygen, have little tendency to undergo
the radiative capture reaction with neutrons. With nitrogen, however, the tendency is significant (§ 8. I I), but not
great. For other nuclei, especially some
of medium or high mass, e.g., cadmium, the radiative capture reaction
occurs very readily. In certain cases,the
reaction product is radioactive (§ 8.61);
this is of importance in some aspects of
weapons effects, as will be seen in
Chapter IX.
8.110 Another type of reaction is
that in which the incident neutron enters
the target nucleus and the compound
nucleus so formed has enough excitation
energy to permit the expulsion of another (charged) particle, e.g., a proton,
deuteron, or alpha particle. The residual
nucleus is often in an excited state and

INITIAL NUCLEAR RADIATION
emits the excess energy as a gamma-ray
photon. This type of reaction usually
occurs with light nuclei and fast neutrons, although there are a few instances, e.g., lithium-6 and boron-lO,
where it also takes place with slow neutrons. Nitrogen interacts with fast neutrons in at least two ways in which
charged particles are emitted (§§ 9.34,
9.44); one leads to the formation of
radioactive carbon-14 (plus a proton)
and the other to tritium, the radioactive
isotope of hydrogen (plus stable carbon-12).
8.111 Fission, is of course, also a
form of interaction between neutrons
and matter. But since it is restricted to a
small number of nuclear species and has
beenconsidered in detail in Chapter I, it
will not be discussed further here.
8.112 The rate of interaction of
neutrons with nuclei can .be described
quantitatively in terms of the concept of
nuclear "cross sections." The cross
section may be regarded as the effective
target area of a particular type of nucleus for a specific reaction and is a
measure of the probability that this reaction will occur between a neutron, of
given energy, and that nucleus. Thus,
each nuclear species has a specific scattering cross section, a capture cross
section, and so on, for a given neutron
energy; the total cross section for that
energy is the sum of the specific cross
sections for the individual interactions.
Both specific and total cross sections
vary with the energy of the neutron,
often in a very complex manner.
8.113 The nuclear cross sections for
neutron-nucleus interactions are analogous to the linear attenuation coefficients (for gamma rays) divided by the
number of nuclei in unit volume of the
,
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medium. In fact, an expression similar
to equation (8.95.1) can be employed to
describe the attenuation of a narrow
beam of monoenergetic neutrons in their
passage through matter. However, because the neutrons in the initial nuclear
radiation are far from monoenergetic
and the cross sections are so highly
dependent on the neutron energy, the
equivalent of equation (8.95.1) must not
be used to calculate neutron attenuation
for shielding purposes. Shielding calculations can be made by utilizing cross
sections, the neutron energy distribution
in space and direction, and other data,
but the calculations require the use of
computer codes. Such calculations are
too complicated to be described here.
THE NEUTRON ENERGY SPECfRUM
8.114 The energies of the neutrons
received at some distance from a nuclear
explosion cover a very wide range, from
several millions down to a fraction of an
electron volt. The determination of the
complete energy spectrum (§ 8.53), either by experiment or by calculation, is
very difficult. However, it is possible to
divide the spectrum into a finite number
of energy groups and to calculate the
neutron flux in each energy group at
various distances from the explosion
point. These calculations can then be
checked by measuring the variation of
flux with distance from known neutron
sources that are representative of each
energy group.
8.IIS
Prior to the cessation of atmospheric testing of nuclear weapons,
neither the extremely large and fast
computers nor the sophisticated measurement instruments that are now
available were in existence. Recourse

-c'...,~--,;,;v--
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was, therefore, made to measurements
of neutron flux within a few specified
energy ranges; from the results a general
idea of the spectrum was obtained.
Measurements of this kind were made
by the use of threshold detectors of
activated foil or fission foil type (§§
8.61,8.62).
8.116 Neutrons are liberated during
the fission and fusion processes, but the
neutrons of interest here are those that
escape from the exploding weapon.
Both the total number of neutrons and
their spectrum are altered during transit
through the weapon materials. Output
spectra that might be considered illustrative of fission and thermonuclear
weapons are shown in Figs. 8.116a and
b, respectively. As mentioned previously, the neutron source can be defined properly only by considering the
actual design of a specific weapon.
Hence, the spectra in these figures are
presented only as examples and should
not be taken to be generally applicable.
8.117
Passage of the neutrons
through the air, from the exploding
weapon to a distant point, is accompanied by interactions with nuclei that result
in attenuation and energy changes.
Hence, the neutron spectrum at a distance may differ from the output spectrum of the weapon. Extensive results of
computer calculations
of neutron
fluences at (or near) the earth's surface
are now available and these have been
used to plot the curves in Figs. 8.117a
and b, for fission and thermonuclear
weapons, respectively. The figures
show the neutron fluences per kiloton of
energy release for a number of energy
groups as a function of slant range. The
uppermost curve in each case gives the
total fluence (per kiloton) of neutrons

364

INITIAL NUCLEAR RADIATION
1023

5

2

-1022
I-

~

"(/)

z
0

5

oc
I:)

W
Z

~

2

:)
OC

IU
W

a..

(/)

10

21

5

2

20

10

0.1

0.2

0.5

I

2

ENERGY INTERVAL
Figure 8.116a.

5

10

20

(MEV)

Neutron spectrum for a fission weapon per kiloton total energy yield.

with energies greater than 0.0033 MeV,
i.e., 3.3 keV.
8.118
It is apparent from Fig.
8.117a that for a fission weapon the
curves for the different energy groups all
have roughly the same slope. This

means that the ftuence in each energy
group decreases with increasing distance from the explosion, but the proportions in the various groups do not
change very much; that is to say, the
neutron spectrum does not vary signifi-
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cantly with distance. Furthermore, although it is not immediately apparent
from Fig. 8.117a, the spectrum is almost the same as the source spectrum in

Fig. 8.116a. This accounts for the equilibrium neutron spectrum from a fission
explosion mentioned in § 8.55. The
spectrum does change at much lower-'
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neutron energies, but this is not importanto
8.119 Examination of Fig. 8.117b
for thermonuclear weapons reveals a
different behavior. Curves 5 through 9,
i.e., for neutron energies from 0.0033 to
6.36 MeV, are almost parallel, so that in
this range the spectrum does not change
much with distance. But at higher energies, especially from 8.18 to 15 Me V,
the slopes of the curves are quite different. Of the neutrons in groups I, 2,
and 3, those in group I, which have the
highest energies, predominate at a slant
range of 400 yards, but they are present
in the smallest proportion at 1,600
yards. During their passage through the
air, the fastest neutrons are degraded in
energy and their relative abundance is

compared to fluences at corresponding
distances in an infinite air medium. For
source-target separation distances less
than about a relaxation length,'4 localized reflection from the ground generally tends to increase the intensity of
high-energy neutrons; however, at such
short distances, the initial nuclear radiation is of interest only for very low
yields, since for higher yields other
weapon effects will normally be dominant (cf. § 8.06). 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 target are at or near the
ground surface, e.g. a surface or nearsurface burst. These effects have been
included in the calculations from which

decreased whereas

the figures

the proportions

of

the somewhat less energic neutrons is
increased. The neutron spectrum thus
changes with distance, especially in the
high-energy range. The peak that exists
at 12 to 14 MeV of the source spectrum
in Fig. 8.116b becomes lower and the
valley between about 6 and 12 Me V
disappears with increasing slant range.
At very long ranges, when the high-energy neutrons have lost much of their
energy, an equilibrium spectrum would
be approached.
8.120 Figs. 8.117a and b provide
estimates of neutron fluences and spectra from low air bursts for targets on or
near the surface of the ground. As a
result of reflections and absorption by
the ground, an air-ground interface can
increase or decrease the neutron
fluences by as much as a factor of ten

given above were derived.

INITIAL RADIATION DOSE IN TISSUE
8.121 Simplified, but reasonably
accurate, methods have been developed
to predict the initial radiation dose to
persons located on or near the surface of
the earth. These methods are described
separately for neutrons, secondary
gamma rays from radiative capture and
inelastic scattering in the atmosphere (§
8.11), and fission product gamma rays.
The contribution of the primary gamma
rays from fission to the radiation dose at
a distance is small enough to neglect (§
8.04). In all cases, the data are based on
the assumption that the average density
of the air in the transmission path, between the burst point and the target, is
0.9 of the normal sea-level density.

14A relaxation length may be taken as the distance in which the radiation intensity in a specified
material is decreased by a factor of e, where e is the base of the natural logarithms (about 2.718). The
relaxation length in a given material depends on the neutron energy and on whether the direct fluence
only or the total (direct plus scattered) fluence is being considered.
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Initial Neutron Absorbed Dose
8.122 With spectra such as those
shown in Figs. 8. I 16a and b to serve as
sources, a neutron transport computer
code may be used to calculate the neutron dose resulting from a nuclear explosion in a specified geometry, i.e.,
burst height, target height, and air density. The latter is taken to be the average
density of the air between the burst and
the target before disturbance of the air
by the blast wave, since the neutrons of
interest depart from the region of the
explosion before formation of the blast
wave and are deposited at the target
prior to its arrival.
8.123 Results of such calculations,
which have been corroborated by test
data, are given in Figs. 8. 123a and b,
for fission and thermonuclear weapons,
respectively. In each case the absorbed
neutron dose (in tissue) received by a
target on or near the surface of the earth
is shown as a function of slant range per
kiloton energy yield for explosions at a
height of about 300 feet or more. For
convenience of representation, the
curves are shown in two parts; the left
ordinate scale is for shorter ranges and
the right is for longer distances. For
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fission weapons, there are two curves in
each part; they do not necessarily represent the extremes in neutron dose that
might result from different weapon designs, but the dose from most fission
weapons should fall between the two
curves. It is suggested that the upper
curve of each pair in Fig. 8. 123a be
used to obtain a conservative estimate of
the neutron dose from fission weapons
for defensive purposes and that the
lower curve be used for a conservative
estimate for offensive purposes.
8.124 In order to determine the
neutron dose received from an air burst
of Wkilotons energy yield, the dose for
the given distance as obtained from Fig.
8. 123a or b is multiplied by W. For a
contact surface burst, the values from
Figs. 8. 123a and b should be multiplied
byO.5. For explosions above the surface
but below about 300 feet, an approximate value of the neutron dose may be
obtained by linear interpolation between
the values for a contact surface burst and
one at 300 feet or above. The "defense" curve of Fig. 8. 123a was used to
generate the data for Fig. 8.64a, and the
curve in Fig. 8. 123b was used for Fig.
8.64b.
(Text continuedon page 373.)
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The curves in Figs. 8.123a and b Example
...Iyen:
A 10 KT fi sslon
.. weapon IS
O.
show
the neutron dose in tissue per
I
d
d
h
.
kiloton Yield as a function
.exp of slant range
0 e at a elg ht 0f 300 feet.
from a burst at a height of 300 feet or
more for fission weapons and thermoFind: The neutron dose at a slant
nuclear weapons, respectively.
range of 1,500 yards that is conservative
S I.
I
d
I
h d
.from
the defensive standpoint.
ca mg. n or er to app y t e ata m
Figs. 8.123a and b to an explosion of
Solution: Since the height of burst is
any energy, W kilotons, multiply the
300 feet, no height correction is necesvalue for the given distance as obtained sary. From the upper ("defense") curve
from Fig. 8.123a or b by W. For a in Fig. 8.123a, the neutron dose per
contact surface burst, multiply the dose kiloton yield at a slant range of 1,500
obtained from Fig. 8.123a or b by 0.5.
yards from an explosion is 16 rads. The
For bursts between the surface and corresponding dose, D., from a 10 KT
about 300 feet, an approximate value of
explosion is

the neutron dose may be obtained by
I

mear mterpo atlon between a surface
..

I

.-x

burst and one at 300 feet or above.
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SecondaryGamma-RayAbsorbed Dose
8.125 The secondary (or air-secondary) gamma rays, i.e., the gamma rays
produced by various interactions of
neutrons with atmospheric nuclei, must
be considered separately from the fission product gamma rays to provide a
generalized prediction scheme since the
relative importance of the two depends
on several factors, including the total
yield, the fraction of the total yield
derived from fission, the height of burst,
and the slant range from the explosion to
the target. Since measurements at atmospheric tests have provided only the
total gamma radiation dose as a function
of distance from the source, computer
calculations have been used to obtain
the doses from the two individual
gamma-ray sources. The results of the
calculations of air-secondary gammaray doses (and .rlSSlon
the total doses) predicted
by the calculations have been compared
with measurements performed at nuclear weapon tests. For bursts in the
lower atmosphere, the gamma rays from
isomeric decay provide such a small
fraction of the total gamma-ray energy
that they can be neglected in the calculation of total dose in tissue.15
8.126 By using neutron spectra,
such as those shown in Figs. 8 .116a and
b, the secondary gamma-ray source can
be calculated. The latter is then utilized
to compute the secondary gamma-ray
dose resulting from a nuclear explosion
in a specified geometry. As is the case
for neutrons, the air density is taken to
be the average density of the air between
the burst and the target before disturbance of the air by the blast wave, since
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the secondary gamma rays reach a distant target before the blast wave has
traveled very far (see Fig. 8.14).
8.127 Some of the results of calculations of secondary absorbed gammaray doses (in tissue), obtained in the
manner indicated above, are shown in
Figs. 8.127a and b, which correspond to
the neutron dose curves in Figs. 8.123a
and b, respectively. The conditions of
applicability of the figures, such as air
burst or contact surface burst, target
location, offensive or defensive use,
etc., are the same as given in §§ 8.123,
8.124. In order to be consistent, if either
the "offense" or "defense" curve in
Fig. 8.123a is used to obtain the neutron
dose for a given situation, the corresponding curve in Fig. 8.127a should be
used for the secondary gamma-ray dose.
1:",.'

D

Prod uct Gamma-R ayAb sorbed

ose
S.128 In order to estimate the
gamma-ray dose from fission products,
the radiation transport computer code
must be supplemented with a code that
describes the evolution and rise of the
radioactive cloud containing the fission
products. Since the fission product radiation is emitted over a sufficiently long
period of time, the hydrodynamic effect
(§ 8.36) of the blast wave on the average air density between the source and
the target must be considered. The hydrodynamic enhancement becomes
more important at high energy yields
and also at greater ranges because of the
larger volume of low-density air behind
the shock front.

"It should be noted that the ordinates in Fig. 8.14 are the energy emission rates; the total energy
would then be obtained by integration over the effective emission time. This time is very much shorter for
isomeric decay gamma rays than for fission products.
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The curves in Figs. 8.127a and b Example
show the secondary gamma-ray dose in.
..
k 'l
. Id
f
t.
f
GIven:
A
20
KT
fission
weapon
IS
.
tissue
per
I oton
Yle
as a
unc
Ion
0
h . h f exploded on the surface.
slant range from a burst at a elg t 0
300 feet or more for fission weapons and
Find: The secondary gamma-ray dose
thermonuclear weapons, respectively.
at a slant range of 1,000 yards that is
S I.
I
d t
I th d t .conservative
from the offensive standca mg. n or er 0 app yea
a In
.
Figs. 8.127a and b to an explosion of point.
any energy, W kilotons, multiply the
Solution: Since this is a contact survalue for the given distance as obtained face burst, a correction factor of 0.5
from Fig. 8.127a or b by W. In the case must be applied to the value obtained
of a contact surface burst, multiply the from Fig. 8.127a. From the lower
dose obtained from Fig. 8.127a or b by
("offense") curve in Fig. 8.127a, the
0.5. For bursts between the surface and secondary gamma-ray dose per kiloton
about 300 feet, an approximate value of yield at a slant range of 1,000 yards
the secondary gamma-ray dose may be from an explosion at or above 300 feet is
obtained by linear interpolation.
30 rads. The corresponding dose, D"ys'
from a surface burst 20 KT explosion is

D = 20 x 0.5 x 30
"yS

= 300 rads. Answer
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8.129 With minimal hydrodynamic
enhancement, as is the case for very
low-yield weapons, the fission product
gamma rays and the secondary gamma
rays contribute approximately equal
doses at slant ranges up to about 3,000
yards. However, the average energy of
the former gamma rays is considerably
less than that of the latter, and the angular distribution of the fission product
gamma rays is diffused by the rise of the
cloud. Each of these factors tends to

reduce the dose from fission product
gamma rays relative to that from secondary gamma rays with increasing distance from low-yield explosions. For
explosions of higher yield, however,
hydrodynamic enhancement may cause
the fission product gamma-ray dose to
exceed the secondary gamma-ray dose,
particularly at longer ranges.
8.130 The calculated fission product gamma-ray dose in tissue per kiloton
of fission energy yield received by a
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target on or near the surface of the earth
as a function of slant range from a
nuclear explosion is shown in Fig.
8 .130a. In order to determine the fission
product gamma-ray dose received in the
initial radiation from an air burst of a
fission weapon of W kilotons energy
yield, the value for the given distance as
obtained from Fig. 8.130a is multiplied
by the "effective" yield, determined
from Fig. 8.130b. The use of the effective yield instead of the actual yield
provides the necessary corrections for
the differences in cloud rise velocity and
the hydrodynamic enhancement, each of
which is a function of total energy yield.
8.131 For thermonuclear weapons,
the dose for a given distance as obtained
from Fig. 8.130a must be multiplied by
the fraction of the total yield that results
from fission, e.g., 0.5 for a weapon with
50 percent fission yield, prior to multiplying by the effective yield as obtained
from Fig. 8.130b. It should be noted
that Fig. 8.130b is always entered with
the total energy yield of the weapon to
obtain the effective yield, since the
cloud rise velocity and the hydrodyn-
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amic enhancement depend on the total
energy release. Interpolation may be
employed to obtain the effective yield
for slant ranges that are not shown. The
curves in Fig. 8.130b were calculated
for a scaled height of burst of 200 WO4
feet, where W is the total weapon energy yield in kilotons. For a given slant
range the curve is terminated at the yield
at which the height of burst is equal to
that slant range.
8.132 The data for the effective
yields in Fig. 8.132 are similar to those
in Fig. 8.130b but are applicable to
contact surface bursts. There is no simpie method to interpolate or extrapolate
these curves for fission-product gamma
rays to other heights of burst; however,
Fig. 8.130b may be taken to be reasonably accurate for most low air bursts,
and Fig. 8.132 may be applied to nearsurface as well as to contact surface
bursts. The results presented in Fig.
8.33a are based on the upper curves in
Fig. 8.127a (for secondary gamma rays)
and the curves in Figs. 8.130a and b.
The results in Fig. 8.33b are based correspondingly on the curves in Fig.
8.127b and those in Figs. 8.130a and b.
(Text continuedon page383.)
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nuclear explosion.
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Scaling. In order to apply the data in
.rln:
Fig. 8.130a to a fission explosIon of any
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for the given distance as obtained from
Fig. 8.130a by the effective yield, Welf
kilotons, from Fig. 8.130b for a low air
burst or from Fig. 8.132 for a surface
burst. For a thermonuclear weapon, the
value obtained from Fig. 8.130a should
be multiplied by the fraction of the yield
that results from fission as well as by
Welffor the total yield.

Solution: The total initial nuclear radiation dose is the sum of the initial
neutron dose, the secondary gamma-ray
dose, and the fission product gamma-ray
dose. From Fig. 8.123b, the neutron
dose per kiloton yield, is 1.2 x 10-4 rad
at a slant range of 4,000 yards from a
low air burst. The corresponding dose
from a I MT explosion is

Example 1

D. = 1.2 X 10-4 x 103 = 0.12 rad.

Given: A 20 KT fission weapon is
exploded on the surface.
..x
FInd: The fissIon product gamma-ray
dose at a slant range of 1,000 yards.

From Fig. 8.127b, the secondary
gamma-ray dose per kiloton yield is 1.8
10-3 rad at a slant range of 4,000
d f
I
.
yar s rom a ow aIr burs.t The correspond.109dose f rom a I MT expI oslon
.. IS

.Solutio~: From .Fig. 8.130a, the initlal radiatIon, fissIon product gammaray dose per kiloton yield at a slant
range of 1,000 yards is 75 rads. From
Fig. 8.132, the effective yield at a slant
range of 1,000 yards from a 20 KT
explosion on the surface is 45 KT. The
fission product gamma-ray dose for the
desired conditions is therefore
D = 75
x 45 = 3, 375 radA
s. nswer
"If

= 1.8 X 10-3 x 103 = 1.8 rads.
"IS
From Fig. 8.130a, the fission product
gamma-ray dose per kiloton fission yield
at a slant range of 4,000 yards from the
explosion is 3.2 x 10-4 rad. The height
of burst, 3,200 feet, is sufficiently close
to the scaled height of 200 WO4, i.e.,
3,170 feet, that Fig. 8.130b should provide an accurate value of the effective
. Id .rom
F
F.Ig.. 8 130b , tee
h
ff ectlve
.
Yle

(This is more than ten times the secondary gamma-ray dose determined previously for the same conditions, but the
relative values will change with variations in total and fission yields and
height of burst.)

yield at a slant range of 4,000 yards
from a low air burst I MT explosion is 4
x IQ4 KT (or 40 MT). Since only 50
percent of the total yield is derived from
fission, a correction factor of 0.5 must
be applied. The fission product gammaray dose is

';:
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Fission product gamma-ray component of the initial nuclear radiation dose
per kiloton fission yield as a function of slant range from a nuclear
explosion, based on 0.9 normal sea-level air density.
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INITIAL

D." = 0.5 x 3.2 x 10-4 X 4 X 104
= 6.4 rads.
The total InitIal nuclear radIatIon dose IS

,

D=D ..,.
+D
+D .,
= 0.12 + 1.8 + 6.4
= 8.3 rads. Answer
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In adding the doses, it should be recalled that I rad of neutrons may not be
biologically equivalent to I rad of
gammarays (§ 8..64)
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MECHANISMS IN TREE: IONIZATION
8.133 Two basic interactions of nuclear radiation with matter are important
in connection with the transient-radiation effects on electronics (TREE); they
are ionization and atomic displacement
(§ 8.76). The charged particl.es, i.e.,
electrons and ions, produced by ionization eventually combine but the accompanying changes in materials may be
more or less permanent. Some aspects
of TREE depend on the relative durations of the radiation pulse and the recovery time. If the pulse duration is the
longer, the effect is observed promptly.
The magnitude of the effect is usually a
function of the density of charged particles created by ionization and this is
determined by the rate of energy absorption, i.e., by the dose rate. On the
other hand, if the pulse length is short
relative to the recovery time, the effect
will be delayed. The amount of damage
is then usually a function of the total
energy absorbed, i.e., the dose. Thus,
both absorbed dose and dose rate must
be considered in assessing the effects of
nuclear radiation on electronics; in
many cases, the dose rate is the determining factor. The persistence of the
effect is related, in general, to the recovery time.
8.134 The chief manifestations of
ionization include (1) charge transfers,
(2) bulk conductivity increase, (3) excess minority-carrier generation, (4)
charge trapping, and (5) chemical
change. These effects will be examined
in turn in the following paragraphs.
8.135 Charge transfer results from
the escape of some electrons produced
by ionization from the surface of the
ionized material. If the net flow of these
electrons is from the ionized material to
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an adjacent material, the former will
acquire a positive charge and the latter a
negative charge. Consequently, a difference of potential will exist between
the two materials. The most obvious
effect of this potential difference is a
flow of current through an electrical circuit connecting the two materials, and
this current will produce electric and
magnetic fields. If there is matter in the
space between the two materials, the
charge transfer may cause ionization
and hence conduction if there are local
electric fields. Finally, if the charge either originates or embeds itself in an
insulator, a long-lived
local space
charge may result. The effects of charge
transfer may thus be temporary or
semipermanent.
8.136 The free charge carriers produced during ionization respond to an
applied electric field by causing a net
drift current; there is consequently a
transient increase in conductivity. This
effect is particularly important for capacitors, since the ability to retain or restore electrical charge is dependent on
the low conductivity of the dielectric. In
an ionizing environment the increase in
the bulk conductivity results in a decrease of the stored charge in a capacitor.
8.137 In semiconductor devices,
such as transistors and diodes, there are
both positive (holes) and negative
(electron) charge carriers, either of
which may be in the minority. The effect of ionization in producing additional minority carriers is of prime concern in many semiconductors and is
usually the most important manifestation of ionization in TREE. Some of the
characteristics of semiconductor devices
depends upon the instantaneous con-

~
384
centration of minority carriers in various
regions of the device. Since ionizing
radiation creates large (and equal)
numbers of positive and negative charge
carriers, there is a large relative increase
in the concentration of minority carriers.
The electrical operation of the device
may thus be seriously affected. The
current pulse observed in a semiconductor detector (§ 8.22) when exposed
to radiation is an example of the effect
of excess minority carriers, although in
this case it is turned to advantage.
8.138 When free charge carriers are
created in insulating materials and are
trapped at impurity sites, sometimes
present in such materials, many may not
undergo recombination with the oppositely charged carriers, which may be
trapped elsewhere. In these cases, the
properties of the material may be altered
semipermanently, even though there is
no net charge in the material. This ionization effect is known as charge trapping. Trapped charge can change the
optical properties of some substances,
e.g., F (color) centers in alkali halides
and coloration of glasses. The trapped
carriers may be released thermally, either at the temperature of irradiation or
by increasing the temperature. In either
case, the resultant creation of free carri.
ers is manifested by an increase in conductivity and sometimes by the emission
of light (§ 8.24).
8.139 As a result of the recombination of electrical charges, sufficient energy may be released to disrupt chemical bonds. The material may thus suffer
a chemical change which persists long
after the charged particles have disappeared. This chemical change may be
accompanied by permanent changes in
the electrical and other properties of the

INITIAL NUCLEAR RADIATION
material. However, the radiation dose
required to produce a significant chemical effect is larger than would normally
be encountered at a distance from a
nuclear explosion where the equipment
would survive blast and fire damage.
MECHANISMS IN TREE: ATOMIC
DISPLACEMENT
8.140 Another potential damage
mechanism of nuclear radiation in electronic systems involves the movement
of electrically neutral atoms. Such displacement of atoms from their usual
sites in a crystal lattice produces lattice
defects. A common type of defect arises
from the displacement of an atom from a
normal lattice position to an "interstitial" position between two occupied
normal positions. The displaced atom
leaves behind an unoccupied normal
lattice position (or "vacancy"), possibly some distance away. At least part of
the damage to a crystalline material
caused in this manner is permanent.
Since many electronic devices contain
crystalline semiconductor materials,
usually silicon or germanium, displacement damage is of special concern for
TREE.
8.141 Fast neutrons, in particular,
are very effective in causing atomic displacement. The total number of defects
(temporary and permanent) generated
by a neutron depends on its energy.
Thus, a 14-MeV neutron (from a thermonuclear weapon) produces about 2.5
times as many defects as a I-MeV neutron (roughly the average energy from a
fission weapon). For neutrons of a given
energy (or energy spectrum) the number
of defects is determined by the neutron
ftuence, and the changes in the proper-
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Annealing processes fall
roughly into two time frames. Rapid (or
short-term) annealing occurs in hundredths of a second, whereas long-term
annealing continues for times of the
order of tens of seconds0 At ambient
temperature, annealing of temporary
damage will be essentially complete
within about half an hour. The ratio of
the damage observed at early times
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(number of defects present) to the damage remaining after a long time is called
the "annealing factor"; it depends on
the observation time as well as on the
temperature and the electrical condition
of the material 0 The maximum number
of defects created at early times follow..
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mmor-

ties of a semiconductor material are directly related to the total number of
defectso Thus, the neutron fluence is an
important consideration in assessing
damage to a semiconductor caused by
atomic displacemento
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conductor device in an environment of
radiation that can cause atomic displacement. The minority carrier lifetime
is very roughly inversely proportional to
the neutron fluence at large values of the
fluence that are likely to cause damage
to semiconductors 0 At sufficiently large
fluences, the lifetime becomes too short
for the semiconductor device to function
properly 0
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