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PREFACE

When "The Effects of Atomic Weapons" was published in 1950, the explosive
energy yields of the fission bombs available at that time were equivalent to some
thousands of tons (i.e., kilotons) of TNT. With the development of thermonuclear
(fusion) weapons, having energy yields in the range of millions of tons (i.e.,
megatons) of TNT, a new presentation, entitled "The Effects of Nuclear Weap-
ons," was issued in 1957. A completely revised edition was published in 1962 and
this was reprinted with a few changes early in 1964.

Since the last version of "The Effects of Nuclear Weapons" was prepared, much
new information has become available concerning nuclear weapons effects. This
has come in part from the series of atmospheric tests, including several at very high
altitudes, conducted in the Pacific Ocean area in 1962. In addition, laboratory
studies, theoretical calculations, and computer simulations have provided a better
understanding of the various effects. Within the limits imposed by security re-
quirements, the new information has been incorporated in the present edition. In
particular, attention may be called to a new chapter on the electromagnetic pulse.

We should emphasize, as has been done in the earlier editions, that numerical
values given in this book are not-and cannot be-exact. They must inevitably
include a substantial margin of error. Apart from the difficulties in making
measurements of weapons effects, the results are often dependent upon circum-
stances which could not be predicted in the event of a nuclear attack. Furthermore,
two weapons of different design may have the same explosive energy yield, but the
effects could be markedly different. Where such possibilities exist, attention is
called in the text to the limitations of the data presented; these limitations should not

be overlooked.
The material is arranged in a manner that should permit the general reader to

obtain a good understanding of the various topics without having to cope with the
more technical details. Most chapters are thus in two parts: the first part is written at
a fairly low technical level whereas the second treats some of the more technical and
mathematical aspects. The presentation allows the reader to omit any or all of the
latter sections without loss of continuity.

The choice of units for expressing numerical data presented us with a dilemma.
The exclusive use of international (SI) or metric units would have placed a burden
on many readers not familiar with these units, whereas the inclusion of both SI and
common units would have complicated many figures, especially those with i
logarithmic scales. As a compromise, we have retained the older units and added an
explanation of the SI system and a table of appropriate conversion factors.
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CHAPTER X

RAD I 0 AND RADAR EFFECTS

INTRODUCfION

RADIO BLACKOUT discussion of the disturbances produced
10.01 The transmission of electro- by nuclear bursts at various altitudes.

magnetic waves with wavelengths of I Consideration will then be given to the
millimeter or more, which are used for effects of these disturbances on the
radio communications and for radar, is propagation of electromagnetic waves in
often dependent upon the electrical different frequency ranges. Apart from
properties, i.e., the ionization (§ 8.17), the effects that can be ascribed directly
of the atmosphere. The radiations from to changes in ionization, radio com-
the fireball of a nuclear explosion and munications and radar signals can be
from the radioactive debris can produce degraded in other ways, e.g., by noise,
marked changes in the atmospheric ion- distortion, changes in direction, etc.
ization. The explosion can, therefore, These disturbances, which cannot be
disturb the propagation of the electro- treated in a quantitative manner, will be

magnetic waves mentioned above. discussed briefly.
Apart from the energy yield of the ex-
plosion, the effects are dependent on the ELECTROMAGNETIC PULSE
altitudes of the burst and of the debris
and on the wavelength (or frequency) of 10.03 Another consequence of a
the electromagnetic waves. In certain nuclear explosion that may cause tem-
circumstances, e.g., short-wave (high- porary interference with radio and radar
frequency) communications after the signals is an electrical (or electromag-
explosion of a nuclear weapon at an netic) pulse of short duration emitted
altitude above about 40 miles, the elec- from the region of the burst. The most
tromagnetic signals may be completely serious potential effects of this pulse are
disrupted, i.e., "blacked out," for sev- damage to electrical and electronic
eral hours. equipment, rather than to the propaga-

10.02 In this chapter, the normal tion of electromagnetic waves. Hence,
ionization of the atmosphere will be the electromagnetic pulse will be con-
described and this will be followed by a sidered separately in Chapter XI.

461
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ATMOSPHERIC IONIZATION PHENOMENA

EFFECT OF IONIZATION ON or ions) in the air, they will reradiate
ELECTROMAGNETIC W A YES electromagnetic energy of the same fre-

10.04 Ionization, that is, the for- quency, but with a slight time delay.
mati on of ion pairs consisting of sepa- Thus, the energy is restored to the wave
rated electrons and positive ions, can be without loss, but with a change in phase
produced, either directly or indirectly, (§ 10.82 et seq.). If, however, the air
by the gamma rays and neutrons of the density is appreciable, e.g., more than
prompt nuclear radiation, by the beta about one ten-thousandth (10-4) of the
particles and gamma rays of the residual sea-level value, as it is below about 40
nuclear radiation, by the X rays and the miles altitude, collisions of electrons
ultraviolet light present in the primary with neutral particles will take place at a
thermal radiation, and by positive ions significant rate. Even above 40 miles,
in the weapon debris. Hence, after a collisions between electrons and ions
nuclear explosion, the density of elec- are significant if the electron density is
trons in the atmosphere in the vicinity is abnormally high. In such collisions,
greatly increased. These electrons can most of the excess (coherent) energy of
affect electromagnetic (radio and radar) the electron is transformed into kinetic
signals in at least two ways. First, under energy of random motion and cannot be
suitable conditions, they can remove reradiated. The result is that energy is
energy from the wave and thus attenuate absorbed from the wave and the elec-
the signal; second, a wave front travel- tromagnetic signal is attenuated.
ing from one region into another in 10.06 Other conditions being the
which the electron density is different same, more energy is absorbed from an
will be refracted, i.e., its direction of electromagnetic wave by an ionized gas
propagation will be changed. It is evi- as the wavelength of the signal is in-
dent, therefore, that the ionized regions creased, i.e., as its frequency decreases.
of the atmosphere created by a nuclear This may be regarded as being due to
explosion can influence the behavior of the longer time interval, as the fre-
communications or radar signals whose quency is decreased, between success-
transmission paths encounter these re- ive alternations (or reversals) of the
gions. oscillating electromagnetic field

10.05 When an electromagnetic (§ 1.73). When the accelerating influ-
wave I interacts with free electrons, ence of the wave is applied for a longer

some of the energy of the wave is time, a given electron will attain a
transferred to the electrons as energy of higher vibrational velocity during each
vibration. If the electrons do not lose cycle of the wave, and will dissipate a
this energy as the result of collisions greater amount of energy upon colli-
with other particles (atoms, molecules, sion.

I As used in this chapler, the term' 'electromagnetic wave" refers to radiations of wavelength of I

millimeter or more, such as are used in radio and radar, and not to the entire speclrum described in § 1.74
el seq.
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10.07 Positive and negative ions ally be refracted back toward the earth
can also absorb energy from an elec- (Fig. 10.08). This process is commonly
tromagnetic wave. Because of their referred to as "reflection," although it
larger mass, however, the ions attain is not the same as true reflection, in
much lower velocities than electrons which there would be no penetration of
and so they are less effective in absorb- the ionized layer of air. True (or spe-
ing energy. Thus, the effects of ions cular) reflection, as from a mirror, does
may ordinarily be neglected. However, occur to some extent especially with
for some situations in the denser (Iow- electromagnetic waves of the lowest
altitude) portion of the atmosphere, radio frequencies.
where ions can persist for an appreciable
time, or for frequencies low enough for IONIZATION IN THE NORMAL
the ions to have time to acquire signifi- ATMOSPHERE
cant velocity before reversal of the
electromagnetic field, the effect of ions 10.09 In order to understand the ef-
may be important. fects of free electrons on radio and radar

10.08 A radio or radar wave travel- systems, it is necessary to review briefly
ing upward from the ground begins to be the ionization in the normal, undis-
bent (refracted) when an increase of turbed atmosphere. Below an altitude of
electron density is encountered. In- about 30 miles, there is little ionization,
creased electron density causes the wave but above this level there is a region
path to bend away from the region of called the "ionosphere," in which the
higher electron density toward the re- density of free electrons (and ions) is
gion of lower density (§ 10.85). As the appreciable (see Fig. 9.126). The ion-
electromagnetic wave penetrates farther osphere consists of three, more-or-less
into a region where the electron density distinct, layers, called the D-, E-, and
increases toward a peak value, more and F-regions. Multiple layers, which
more bending occurs. For certain com- sometimes occur in the E- and F-
binations of the angle of incidence regions, may be disregarded for the
(angle between propagation direction
and the vertical), the electron densIty, 3~

and the frequency, the wave may actu- 300
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Figure 10.08. Reflection of a radio (or
radar) wave by successive Figure 10.09. Typical electron densities in
refractions in an ionized D-, E-, and F-regions of the
region of the atmosphere. ionosphere,
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present purpose. Typical variations of of their effect in the F-region. In some
electron density with altitude and with latitudes, the maximum electron density
time of day are illustrated in Fig. 10.09. in the ionosphere during a magnetic
The approximate altitudes of the three storm may decrease to some 6 to 10
main regions of the ionosphere are given percent of its normal value.
in Table 10.09. 10.12 Apart from these major

changes in electron densit):, the causes
Table 10.09 of which are known, there are other

variations that are not well understood.
APPROXIMATE ALTITUDES OF Sometimes an irregular and rapidly
REGIONS IN THE IONOSPHERE varying increase in the electron density

A . AI .1 d is observed in the E-region. Apparently
pprOXlmale II U e .

Region (miles) one or more layers of hIgh electron
-density are formed and they extend over

D 30-55 distances of several hundred miles. This
E 55-95 is referred to as the "sporadic-E" phe-
F Above 95 A h ..

1 ffnomenon. somew at slml ar e ect,
called' 'spread-F," in which there are

10.10 Although the D-, E-, and F- rapid changes of electron density in
regions always exist in the daytime and space and time, occurs in the F-region.
the E- and F-regions at night, the details The areas affected by spread-F are gen-
of the dependence of the electron den- erally much smaller than those asso-
sity on altitude, especially in the F- ciated with sporadic-E.
region, vary with the season, with the
geographic latitude, with the solar (sun- CHARACfERISTICS OF THE
spot) activity, and with other factors. IONOSPHERE
The curves in Fig. 10.09 are applicable
to summer, at middle latitudes, around 10.13 The composition of the at-
the time of maximum sunspot activity. mosphere, especially at the higher alti-
The effects of the variable factors men- tudes, varies with the time of day and
tioned above are fairly well known, so with the degree of solar activity; how-
that the corresponding changes in the ever, a general description that is appli-
electron density-altitude curve can be cable to daytime conditions and mean
predicted reasonably accurately. sunspot activity is sufficient for the

10.11 In addition to these system- present purpose. Near the earth's sur-
atic variations in the electron density, face, the principal constituents of the
there are temporary changes arising atmosphere are molecular nitrogen (Nz>
from special circumstances, such as and molecular oxygen (Oz>. These dia-
solar flares and magnetic storms. Solar tomic gases continue to be the dominant
flares can cause a ten-fold increase in the ones up to an altitude of approximately
electron density in the D-region, but that 75 miles. At about 55 miles, ultraviolet
in the F-region generally increases by no radiation from the sun begins to disso-
more than a factor of two. Magnetic ciate the oxygen molecules into two
storms, on the other hand, produce most atoms of oxygen (0). The extent of



ATMOSPHERIC IONIZATION PHENOMENA 465

dissociation increases with altitude, so tudes, where molecular nitrogen and
that above 120 miles or so, oxygen oxygen are the main components of the
atoms are the dominant species in the atmosphere.
low-pressure atmosphere. This condi- 10.16 At altitudes below about 30
tion persists up to an altitude of some miles, i.e., below the D-region, where
600 miles. Ozone (03) and nitric oxide the air is relatively dense, the probabil-
(NO) are formed in the lower atmos- ity of interaction between free electrons
phere by the action of solar radiations on and neutral molecules is large. The few
the oxygen and nitrogen. Although the electrons that are produced by short-
amounts of ozone and nitric oxide are wavelength solar radiation that pene-
quite small, they are important because trates so low into the atmosphere are
each absorbs radiation and enters into thus rapidly removed by attachment.
chemical reactions in a characteristic The density of free electrons in the at-
manner. mosphere below about 30 miles is con-

10.14 The electrons (and positive sequently so small that it can be neg-
ions) in the normal ionosphere are pro- lected.
duced by the interactions of solar radia- 10.17 In the altitude range from
tions of short wavelength with the roughly 30 to 55 miles (D-region of the
various molecular and atomic species ionosphere), the density of neutral par-
present in the atmosphere. In the D- ticles is relatively low, between about
region, the ions are almost exclusively 10-:1 and 10-5 of the sea-level density.
NO+, and these ions are also the most Because of this low density, the rate of
important in the E-region; in the latter attachment is not large and electrons
region, however, there are, in addition, remain free for several minutes. The
about one-third as many 0; ions. average lifetime varies with location and
Atomic oxygen ions, 0+, begin to ap- the time of the year, but it is long
pear in the upper parts of the E-region, enough for the radiation from the sun to
and their proportion increases with alti- maintain a peak density between about
tude. In the F-region, the proportion of 102 and 103 electrons per cubic centi-
NO+ and O~ ions decreases, whereas meter (electrons/cm3) in the daytime. At
that of 0+ increases steadily. Above an night, when electrons are no longer
altitude of about 120 miles (up to 600 being generated by solar radiations, the
miles), 0+ ions are dominant. free electrons in the D-region disappear.

10.15 The actual electron density at Although the density of neutral particles
any altitude depends on the rate of for- is small enough to permit the electrons
mati on of electrons as a result of ion- (in the daytime) to have an appreciable
ization and their rate of removal, either average life, it is nevertheless suffi-
by recombination with positive ions or ciently large for collisions to cause con-
by attachment to neutral particles (mol- siderable attenuation of electromagnetic
ecules or atoms). Recombination tends waves, in the manner described in
to be the more important removal proc- § 10.05.
ess at high altitudes (low atmospheric 10.18 In the E-region of the ionos-
pressure), whereas attachment to neutral phere (55 to 95 miles altitude), the air
particles predominates at lower alti- density is quite low, about 10-5 to 10-8
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of the sea-level value, and the average small, despite the high electron density,
lifetime of electrons is even longer than because of the very low electron-neu-
in the D-region. The daytime electron tral collision frequency; however, re-
density is about 10' to 105 elec- flection effects (§ 10.08) make the re-
trons/cm-', but most of the ionization, as gion important.
in the D-region, disappears at night. 10.20 Normally, the low electron
However, because of the very low den- densities in the D-region are sufficient to
sity of neutral particles, the frequency of reflect back to earth only those electro-
collisions between them and electrons is magnetic waves with frequencies below
so small that there is relatively little about I million hertz, i.e., I megahertz
attenuation of electromagnetic signals in (§ 1.74), provided the angle of inci-
the E-region. If sporadic-E conditions dence is small. At larger angles, the
exist. radio signals are reflected limiting frequency for reflection by the
(§ 10.08) in an erratic manner. normal D-region is increasingly less

10.19 The F-region extends upward than I megahertz. Waves of higher fre-
from an altitude of about 95 miles. Here quency pass through the D-region, with
the neutral-particle density is so low that some refraction (bending) and attenua-
free electrons have extremely long life- tion, and penetrate into the E-region or
times. At about 190 miles, the peak into the F-region if the frequencies are
electron density in the daytime is ap- high enough. Reflection may then occur
proximately I Of' electrons/cm', decreas- in the E- or F-region, where the electron
ing to about 105 electrons/cm-' at night. densities are higher than in the D-
During the day there are various layers region. For a given angle of incidence,
of ionization in the F-region, which tend the electron density required for reflec-
to merge and lose their identity at night. tion increases with the frequency of the
The altitude of peak ionization may also electromagnetic wave. The smaller the
shift at night. Other factors causing angle of incidence, i.e., the more nearly
changes in the F-region were referred to vertical the direction of propagation, the
earlier (§ 10.12). Attenuation of elec- higher the frequency that will be re-
tromagnetic signals in the F-region is flected by a given electron density.

IONIZATION PRODUCED BY NUCLEAR EXPLOSIONS

INTRODUCTION at ions from a low-altitude nuclear ex-
10.21 Up to three-fourths of the plosion are much more intense within a

energy yield of a nuclear explosion may limited volume of space, i.e., in and
be expended in ionizing the atmosphere. near the fireball, than the changes pro-
The resulting changes are characteristic duced naturally, e.g., by solar flares.
of the given weapon and of the burst and Nuclear explosions at high altitudes may
debris altitudes. The ionization effects affect a considerable portion of the ion-
caused by the nuclear and thermal radi- osphere in ways somewhat similar to
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changes in solar activity; however, the around the fireball is ionized in varying
mechanisms and details of the interac- degrees by the initial thermal and nu-
tions with the atmosphere are quite dif- clear radiations and by the delayed
ferent. Because of the complexities of gamma rays and beta particles from the
these interactions, descriptions of "typ- radioactive debris. The chemistry of the
ical" changes to be expected from a atmosphere may be modified signifi-
nuclear explosion are often not applica- cantly, thus making predictions of elec-
ble or even very meaningful. A careful tron persistence difficult (and greatly
analysis of each situation, with the con- complicating the problem of analyzing
ditions stated fairly explicitly, is usually multiple-burst situations). For near-sur-
necessary. face explosions, the density of the air

10.22 Atmospheric ionization and prevents radiation from escaping very
disturbances to the propagation of elec- far from the fireball, and the ionization
tromagnetic signals caused by a nuclear is both localized and short-lived due to
explosion can be described in terms of very rapid attachment of free electrons
four spatial regions: (I) the hot fireball, to neutral particles. As the detonation
(2) the atmosphere surrounding the fire- altitude is increased the radiation can
ball, (3) the D-region, and (4) the high- escape to greater distances, and the
altitude region which includes the nor- electron density will reach values at

mal E- and F-regions of the ionosphere. which electromagnetic signal propaga-
10.23 Fireballs from explosions at tion can be affected.

low altitude are relatively small 10.25 When prompt or delayed ra-
(roughly, a I-megaton explosion at sea diation from the explosion can reach the
level produces a fireball of about 0.6 D-region, the electron density of that
mile diameter at 1 second). The air region is enhanced. Most of the wide-
inside the fireball is at a temperature of spread and persistent absorption of
many thousands of degrees. Electron electromagnetic waves then takes place
density and collision frequency are in and near the D-region of the normal
high, and the absorption of electromag- ionosphere. For electromagnetic waves
netic waves is so large that the fireball is in the radio and radar frequency ranges,
considered to be opaque. At intermedi- circumstances are such that the maxi-
ate burst altitudes (up to about 50 or 60 mum attenuation usually occurs within a
miles), the early fireball is larger in size, layer 10 miles deep centered at an alti-
but it is still defined as a hot, ionized tude of about 40 miles (§ 10.128).
mass of air which is opaque to radio and Hence, most of the subsequent discus-
radar signals for many seconds With sion pertaining to D-region ionization
increasing altitude the characteristics of will be in terms of the free electron
the region of energy absorption change. density at an altitude of 40 miles.
At burst altitudes above about 190 10.26 In the E- and F-regions of the ,
miles, the atmosphere is very thin and ionosphere, the frequency of electron- i

the energy from the nuclear explosion neutral particle collisions is low, and .1
can spread over very large distances. refraction rather than absorption is gen- .I

10.24 When the burst point is erally the predominant effect. When the
!below the D-region, the atmosphere burst or debris altitude is high enough

I



468 RADIO AND RADAR EFFECTS

for prompt or delayed radiation to reach with decreasing altitude, interactions of
the E- and F-regions, the electron den- the atoms and molecules with the radia-
sity of those regions may be increased. tion take place at rapidly increasing
On the other hand, nuclear explosions rates and energy is removed from the
sometimes cause a decrease of electron radiation.
density in the E- and F-regions, largely 10.29 The concept of "stopping al-
due to traveling hydrodynamic and hy- titude" provides a useful approximate
dromagnetic disturbances2 and to model for treating the interaction of
changes in air chemistry (§ 10.71 et ionizing radiation and the atmosphere in
seq.). which the density changes with altitude.

10.27 Increased ionization in the The stopping altitude for a given type of
D-region may occur not only in the radiation is the level in the atmosphere
vicinity of the nuclear explosion, but to which that radiation coming from
also at its magnetic conjugate in the above will penetrate before losing so
earth's opposite hemisphere (§ 2.143). much of its energy that it produces little
Charged particles, especially beta par- further ionization. The radiation is then
ticles (electrons), resulting from the ex- said to have been "stopped." Most of
plosion will spiral along the earth's the energy will actually be deposited
magnetic field line:;. Upon reaching the within a few miles of the stopping alti-
conjugate region, the beta particles will tude. Only a small proportion of the
cause ionization similar to that produced energy is absorbed at the higher alti-
near the burst point. tudes where the air has a lower density

and is relatively transparent to the radi-
ENERGY DEPOSITION ation, and little energy remains to be

given up at lower altitudes. Different
10.28 A detailed analysis of energy types of radiation deposit their energy in

deposition, the starting point for exa- the atmosphere in different ways and
mining the effects of nuclear explosions thus have different stopping altitudes.
on the propagation of radio and radar Table 10.29 shows approximate stop-
signals, is very complicated. The fun- ping altitudes for various ionizing out-
damental principles, however, are well puts from a typical nuclear explosion.
known and relatively simple. Consider The altitude quoted for debris ions refers
ionizing radiation entering the earth's to ionization that results from the ran-
atmosphere from a nuclear explosion at dom (thermal) motion of these ions. The
high altitude or, as it normally does, debris mass can, however, be carried to
from the sun. As it travels downward, greater heights by the rising fireball and
the radiation at first encounters air of cause ionization by the emission of de-
such low density that very few interac- layed radiations.
tions occur with atmospheric atoms and 10.30 For detonations below 15
molecules. Hence, very little ionization miles altitude, the minimum stopping
is produced. As the air density increases altitude in Table 10.29, the air is essen-

'A hydrodynamic disturbance of the atmosphere is a direct result of the shock wave. The air is ionized
and so its motion is affected by the earth's magnetic field. The combination of hydrodynamic and
magnetic effects leads to hydromagnetic (or magnetohydrodynamic) disturbances.
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Table 10.29

APPROXIMATE STOPPING ALTITUDES FOR PRINCIPAL WEAPON OUTPUTS

CAUSING IONIZATION

Stopping Altitude

Weapon Output (miles)

Prompt radiation
X rays 35 to 55
Neutrons and gamma rays 15
Debris ions 70

Delayed radiation
Gamma rays 15
Beta particles 35

tially opaque to all ionizing radiations. are more laborious. For a disturbed at-
The radiation will penetrate only a fairly mosphere. calculations of the penetra-
short distance into the atmosphere be- tion distance are difficult and not very
fore most of its energy is absorbed in reliable.
causing ionization (or is transformed
into other kinds of energy). As the alti- LOCATION OF RESULTANT
tude of the explosion increases to 15 IONIZATION
miles and above, the radiation can
escape to increasingly greater distances. 10.32 The region of maximum en-
Once the stopping altitude for a given ergy deposition is the location where
ionizing radiation is reached, the at- ion-pair production is the greatest, but it
mosphere above the burst is relatively is not always the location of the max-
transparent to that radiation, which can imum density of free electrons. At alti-
then travel upward and outward to great tudes below about 30 miles, i.e., at
distances. relatively high air densities, removal

10.31 Below the stopping altitude, processes are so rapid that the average
in a region of uniform density, the no- lifetime of a free electron is a fraction of
minal penetration distance of ionizing a second. An extremely high ion-pair
radiation of a particular kind and energy production rate is then required to sus-
is inversely proportional to the air den- tain even a few free electrons per cubic
sity. (The penetration distance is often centimeter. But in the D-region (starting
expressed in terms of the mean free at about 30 miles altitude) removal
path, as described in § 2.113.) For a processes are not so rapid and higher
particular radiation of a single energy electron densities are possible. For the
traveling through an undisturbed region delayed gamma rays, for example, the
of constant density, the penetration dis- stopping altitude, i.e., the region of
tance (or mean free path) can be cal- maximum energy deposition and ion-
culated relatively easily. For a radiation pair production rate, is 15 miles; how-
spectrum covering a range of energies ever, the resultant electron density tends
and for complex paths along which the to a maximum at a higher altitude in the
air density changes, the computations D-region.
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10.33 To understand the ionization beta radiation from the radioactive
resulting from nuclear explosions, it is debris within the fireball may sustain the
helpful to examine four detonation alti- ionization level for up to 3 or 4 minutes.
tude regimes separately; they are: (I) Thus, the fireball region will be suffi-
below 10 miles, (2) between 10 and 40 ciently ionized to absorb electromagne-
miles, (3) between 40 and 65 miles, and tic signals for a period of at least 10
(4) above 65 miles. Different mecha- seconds and possible for as long as 3 or
nisms associated with various burst 4 minutes; however, the spatial extent
heights will be considered, but it should of the ionization will be small.
be understood that these altitude re- 10.35 The fireball will be spherical
gimes are somewhat arbitrary and are in shape initially. After a few seconds,
chosen for convenience in bringing out as the hot fireball rises upward
the changes in behavior that occur with buoyantly (§ 2.129), it will take the
burst height. Actually, there are no lines form of a torus. The torus, having lost
of demarcation between the various al- its luminous qualities, will coalesce into
titude ranges; the changes are continu- a flattened cloud shape. The transition
ous, and one type of mechanism gradu- from a fireball or torus to a debris cloud
ally supersedes another and becomes is indefinite, but at late enough times-
dominant. The four spatial regions after a few minutes-the fireball as such
where there may be significant effects will cease to exist, and only a cloud of
(§ 10.22) also shift in importance as the radioactive debris will remain. This
altitudes of the detonation and of the cloud will reach a final stabilization al-
radioactive debris change. titude in about 5 minutes. It will then be

spread by whatever winds prevail at that
DETONATIONS BELOW 10 MILES altitude range. Typically, the average
ALTITUDE spreading velocity is about 35 feet per

second.
10.34 For nuclear explosions at al- 10.36 The atmosphere surrounding

titudes below 10 miles (and somewhat the fireball will be ionized by prompt
higher), most of the energy is deposited neutrons and by prompt gamma radia-
in the atmosphere in the immediate vi- tion, but the free electrons thus formed
cinity of the detonation, resulting in the will persist less than a second. The air
formation of the fireball and the air blast will also be ionized by the delayed ra-
wave, as described in Chapter II. The diation emitted continuously from the
electron density within the fireball, ini- radioactive debris within the fireball.
tially at least equal to the particle den- Close to the fireball, the continuous
sity (about 10'9/cmJ), will remain above emission from the adjacent gamma-ray
about IOS electrons/cmJ for times up to 3 source will result in a high electron
and 4 minutes, depending on the nature density in spite of the fairly rapid remo-
of the weapon. For about 10 seconds the val of electrons by attachment of air
fireball temperature will be high enough particles at the low altitudes under con-
(above 2,5()()0 Kelvin) to cause signifi- sideration. Thus, for detonations below
cant ionization of the air by the thermal 10 miles, there will be a region sur-
radiation (§ 10.04). After this period, rounding the fireball which will absorb
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electromagnetic waves appreciably for radiation from a nuclear explosion
tens of seconds. This effect will be neg- below 10 miles, except possibly by the
ligible for most radiofrequency systems, rising debris from a high-yield burst (cf.
but it may be significant for radars with § 10.41). However, perturbations in the
highly directional beams that pass fairly refractive properties of the F-region
near (in addition to those passing have been noted following explosions in
through) the fireball. this altitude regime. Traveling distur-

10.37 In the atmosphere around the bances (§ 10.26) that move outward in
region referred to above, the electron the E- and lower F-regions appear to
density will be much lower because the result from the initial blast wave.
gamma rays are somewhat attentuated
by the air, and the electrons that- are DETONATIONS AT 10 TO 40 MILES
formed are removed rapidly by attach- ALTITUDE
ment. Hence, the number of free elec-
trons is not expected to be as large, 10.40 If the explosion occurs in the
neither will they be as widely distrib- altitude regime of roughly 10 to 40
uted, as in the region around the fireball miles, thermal energy radiated as X rays
for bursts at higher altitudes (§ 10.43 et will be deposited in the vicinity of the
seq.). Refraction of radar signals burst, as at lower altitudes, with sub-
(§ 10.118) and clutter (§ 10.120) may sequent reradiation to form the familiar
then be more significant than absorp- fireball. Ionization by debris ions or by
tion. These effects are also important if beta particles within the fireball may
the signals pass through or near the stem sustain the electron density after the
or cloud of a burst that is sufficiently low temperature has fallen to the 2,5000
for debris from the surface to be carried Kelvin required for significant thermal
aloft. ionization by air. The fireball region will

10.38 The D-region is not affected be ionized to high levels-more than 107
to any great extent by prompt radiation electrons per cubic centimeter-for a
from nuclear explosions below 10 period of at least 30 seconds and possi-
miles, since the burst is below the stop- bly for longer than 3 minutes. The spa-
ping altitude for X rays, neutrons, and tial extent of the ionization will be larger
gamma rays (Table 10.29). Ionization in than for detonations at the lower altitude
the D-region may be increased, how- considered previously.
ever, by delayed radiation, if the radio- 10.41 The fireball will be spherical
active debris is carried upward by the in shape initially, with the transition
rising fireball above 15 miles, the stop- from sphere to torus occurring later than
ping altitude for gamma radiation. for bursts at lower altitudes. Further-
There may be additional ionization due more, the debris, most of which is car-
to beta particles if the debris rises as ried upward by the hot, rising fireball,
high as 35 miles, but this is expected may reach considerably greater heights.
only for weapons of large yield (see Fig. Multimegaton weapons detonated near
10.158c). the upper limit of the 10 to 40 miles

10.39 Ionization in the E- and F- altitude regime will begin to exhibit the
regions is not changed significantly by effects of an initial ballistic impulse,
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caused by pressure gradients across the fast neutrons and the inelastic scattering

large vertical diameter of the fireball gamma rays are spread over a large

(§ 2.129). As the fireball and debris rise volume, so that the resulting electron

into thinner air, they continue to ex- density is low. Most of the neutron-in-

pando The ballistically rising fireball can duced (prompt) ionization arises from

reach altitudes far above the detonation elastic scattering of the neutrons. The

point. Because of the rapid upward mo- nuclei that recoil from the scattering

tion of the fireball and the decrease in process have sufficient energy to pro-

atmospheric density with altitude, the duce ionization by interaction with at-

density of the fireball may be greater mospheric atoms and molecules.

than that of the surrounding atmosphere. 10.44 The persistent ionization in

Overshoot then occurs, and after reach- the air is caused mainly, however, by

ing maximum altitude, the fireball de- delayed gamma radiation. Most of the

scends until it encounters air of density beta particles from the radioactive

comparable to its own. debris are absorbed within the fireball,

10.42 When the cloud of debris but the gamma rays can travel great

stabilizes in altitude, its horizontal distances when the debris is above their

spread will be influenced by diffusion stopping altitude (IS miles). The size of

and by the prevailing winds. A spread- the ionized region surrounding the fire-

ing velocity of 165 feet per second is a ball can then be quite large. Calculation

reasonable estimate for debris at alti- of the electron densities is fairly com-

tudes between about 50 and 125 miles; plicated since it depends on the attenua-

the spread is, however, more complex tion of the gamma rays by the atmos-

than is implied by such an assumption of phere and the electron loss mechanisms

a uniform expansion. which change with altitude.

10.43 For bursts in the 10 to 40 10.45 Ionization in the D-region

miles altitude regime, the X rays are from delayed gamma rays and beta par-

largely confined within the fireball, ticles will be much more important for

especially at the lower altitudes. Even detonations in the 10 to 40 miles altitude

though the prompt gamma rays carry regime than for those below 10 miles. If

only a small proportion of the explosion the debris attains an altitude above IS

energy (§ 10.138), they will cause ion- miles, the delayed gamma rays can

ization in the surrounding air for a very reach the D-region and produce ioniza-

short time. However, the main source of tion there. When the debris is below 35

prompt ionization in the surrounding air miles, the stopping altitude for beta

(and also in the D-region for detonations particles, the energy of these particles is

above IS miles) appears to be the fast deposited close to or within the debris

neutrons. There are three important in- cloud. The ionization is thus restricted

teraction processes of such neutrons to this region.

with atomic nuclei in the atmosphere 10.46 For the beta particles to cause

which can lead to ionization; they are ionization in the D-region, the debris

absorption, inelastic scattering, and must be above 35 miles. Because of

elastic scattering (see Chapter VIII). their electric charge, the spread of the

The amount of absorption is small for beta particles is largely prevented by the
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BETA-

AND G
IDNI

Figure 10.47. Location of beta and gamma ionization regions when the debris from an
explosion in the northern hemisphere is above 40 miles altitude.

earth's magnetic (geomagnetic) field. gamma rays are not affected by the
The area over which the beta particles geomagnetic field and they can therefore
produce ionization in the D-region is spread in all directions. If the debris
thus essentially the same as the area of rises above 40 miles, the delayed
the debris when its initial expansion has gammas can produce ionization over a
ceased. large area in the D-region. The ioniza-

10.47 If the debris rises above 40 tion is not restricted by the tube of
miles, the beta particles will travel back magnetic field lines containing the
and forth along the geomagnetic field debris, as is that from the beta particles.
lines. They will then cause ionization in The D-region ionization caused by the
the local D-region and also in the mag- delayed gamma rays is thus more ex-
netic conjugate region in the opposite tensive in area although usually less
hemisphere of the earth (Fig. 10.47). If intense than that due to the beta par-
the radioactive debris is uniformly dis- ticles.
tributed over a horizontal plane, the 10.49 Since the beta particles are
electron density in the D-region due to largely prevented from spreading by the
the beta particles will be about the same geomagnetic field, the ionization they
in both hemispheres. In practice, at- produce (in the D-region) is not greatly
mospheric winds and turbulence and affected by the altitude to which the
geomagnetic anomalies cause the distri- radioactive debris rises, provided it is
bution of the debris to be nonuniform, above 40 miles. For the accompanying
but a uniform distribution is generally gamma radiation, however, the inten-
assumed for estimating electron densi- sity, and hence the associated ioniza-
ties resulting from nuclear explosions. tion, decreases the higher the altitude of

10.48 Unlike the beta particles, the the debris above the D-region. The areal
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extent increases at the same time. ing a field line into the atmosphere,
Gamma-ray ionization in the magnetic either in the vicinity of the explosion or
conjugate region will be much smaller at the magnetic conjugate. The ioniza-
and will arise from such debris ions as tion levels produced by neutrons in this
have traveled along the geomagnetic manner are low, but they have been
field lines and reached the vicinity of the detected at distances of several thousand
D-region in the other terrestrial hemi- miles from the burst point. From the
sphere (§§ 2.141, 10.64). times at which the effects were ob-

10.50 There are two other sources served, they could have been caused
of ionization in the conjugate region, only by neutrons.
namely, Compton electrons and neu- 10.52 Thermal X rays begin to
trons. Gamma rays lose part of their escape from the fireball for detonations
energy in the atmosphere by Compton in the upper portion of the 10 to 40 miles
scattering (§ 8.89). If the Compton altitude regime and can cause appreci-
electrons are formed above about 40 able ionization in the E-region above the
miles, they will either deposit their en- burst point. Ionization in the E- and
ergy (and cause ionization) locally in the F-regions will be perturbed by traveling
D-region or be guided by the geomag- disturbances to a greater extent from
netic field to the conjugate region. Since detonations in this altitude regime than
delayed gamma rays are spread over a from explosions of similar yield below
fairly large volume when the radioactive 10 miles. A high-yield detonation near
debris is above about 15 miles, Comp- 40 miles altitude may produce a region
ton electrons can produce widespread of severe electron density depletion
ionization. The space affected is larger (§ 10.71 et seq.). Fireballs rising above
than that in which beta particles cause 65 miles and beta particles escaping
ionization in both conjugate regions. from fission debris above 40 miles also
Although the ionization from Compton increase the electron density in the E-
electrons in the magnetic conjugate re- and F-regions.
gion is not large, the effects on the
propagation of electromagnetic waves, DETONATIONS AT 40 TO 65 MILES

especially those of lower frequencies, ALTITUDE
can be important.

10.51 Many of the neutrons pro- 10.53 X rays ionize a region of
duced in a nuclear explosion above 15 considerable extent around a detonation
miles will travel upward, escaping to in the 40 to 65 miles regime. The
high altitudes. Since neutrons are not mechanism of fireball formation
affected by the geomagnetic field, they changes appreciably in this range
spread over a large region. A free neu- (§ 2.130 et seq.), since at 65 miles the
tron disintegrates spontaneously, with a X-ray stopping altitude has been ex-
half-life of about 12 minutes, into a ceeded, and the radiations can spread
proton and an electron (beta particle). very widely. Starting at about 50 miles
The latter will be trapped by the geo- altitude, the interaction of the expanding
magnetic field lines and will produce weapon debris with the atmosphere be-
ionization in the D-region after follow- comes the dominant mechanism pro-

E ~ --'--
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ducing a fireball. Above about 50 miles, estimates of debris motion for stabiliza-
the geomagnetic field will influence the tion altitudes between 50 and 125 miles.
location and distribution of the late time If more than a rough estimate is re-
fireball, as will be seen shortly. The 40 quired, upper-altitude wind information
to 65 miles altitude regime is also a must be used to calculate the spreading
transitional one for deionization mecha- velocity.
nisms in the fireball, and for the dy- 10.56 The region identified for
namic motion of the rising fireball. lower altitude bursts as that around the

10.54 Above about 40 miles, the fireball now merges into the D-, and E-,
temperature of the fireball is no longer and F-regions. Hence, it will not be
the governing factor in ionization. The discussed separately here or in the next
electron density changes only in ac- section which is concerned with deto-
cordance with the increase in volume of nations above 65 miles altitude.
the fireball, thus causing a wider dis- 10.57 The D-region is more widely
tribution of the free electrons in space. influenced by prompt radiation from
Recombination of electrons with posi- detonations above 40 miles than from
tive atomic ions, produced by the high detonations below that altitude, since
temperatures in the fireball, is the main both X rays and neutrons have longer
removal process. This is, however, penetration distances at the higher alti-
much slower than the recombination tudes. For detonations above 40 miles,
with molecular ions which predominates X rays produce essentially all the
in the normal D- and E-regions. Elec- prompt ionization in the D-region. As
tron densities greater than 108 elec- indicated in § 10.43, fast neutrons are
tronslcm3 can then persist for tens of apparently the main source of prompt
seconds, resulting in significant attenu- ionization in this region for detonations
ation and refraction of electromagnetic at somewhat lower altitudes.
waves. The persistence depends on how 10.58 Continuing ionization of the
rapidly the fireball volume increases and D-region by delayed gamma rays and
on the detailed chemistry of the fireball beta particles is of major importance
gases. when the burst altitude is between 40

10.55 For explosions of high and and 65 miles. The situation is similar to
moderately high yields at altitudes near that described in § 10.47 for the case in
the upper limit of the regime under which the debris rises to a height of
consideration, the fireball may rise to more than 40 miles. The beta-particle
heights of hundreds of miles (see Figs. ionization is restricted to areas, in the
10.158b and c). At these heights, the D-regions of both hemispheres of the
fireball and debris regions will be af- earth, which are each roughly equal to
fected by the geomagnetic field lines the area of the debris. The delayed
(§ 10.63 et seq.). For smaller yields, the gamma rays spread in all directions,
fireball generally rises buoyantly and however, and the ionization in the D-
smoothly to a nominal stabilization alti- region near the burst point is conse-
tude, with no overshoot (Fig. 10.158a). quently more extensive in area but is
A spreading velocity of 165 feet per less intense than that due to the beta
second is frequently used to make rough particles. The upward motion of the
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debris can allow the gamma rays to noted after subsequent high-altitude ex-

irradiate areas of the D-region several plosions.
hundred miles in radius. It is apparent
that the electron densities resulting from DETONATIONS ABOVE 65 MILES
such widespread irradiation will gener-
ally be low. 10.62 The mechanisms of fireball

10.59 Compton electrons from de- formation and growt.h con~inue .to
layed gamma rays and beta particles change as the deto~atlon altitude I~-
formed by the spontaneous disintegra- creases above 65 mIles. At .these al~I-
tion of neutrons can cause widespread, tudes, X rays tra~el great distances In
although relatively weak, ionization in the very low-density atmosphere and do
the D-region near the burst point and not produce a. normal fire~all. Below
also at its magnetic conjugate. The gen- about I~ miles, depend~n~. on the
eral effects are similar to those described weapon Yield, the energy Initially ap-
in §§ 10.50 and 10.51 for nuclear deto- pearing as the high outward velocity of
nations at lower altitude. debris particles will still be deposited

..within a fairly short distance. This re-
10.60 Detonations above 40 miles, suIts in the formation of a heated and

an.d parti~ul~rly t.hose above 5? or 55 ionized region. The apparent size of this
miles, will IrradIate the E-region ex- so-called "fireball" region may depend
tensively with X rays. Consequently, on the manner in which it is viewed.
there will be prompt ionization, with the The optical (or radiating) fireball may

~sual .fairly. !ong E-region recovery not coincide with the radar fireball, i.e.,
time: I~ addItI?n. to that caused b~ the the region affecting radar signals, aQI;l
contInuIng radiations from the radioac- the fireball boundary may not be well
tiv~ debr~s.. Ionization e~ects in the E- defined. Because of the large dimen-
regIon, simIlar to sporadlc-E (§ 10.12), sions, times of the order of a few sec-
have been noted following detonations onds may be required before the initial
above 40 miles. . f h d b .. d d .o fimotion 0 tee ns IS re uce sIgrn-

10.61 Strong F-region distur- cantly.
bances, involving an initial increase 10.63 The geomagnetic field plays
followed by a decrease in electron den- an increasingly important role in con-
sity, were observed over an area of more trolling debris motion as the detonation
than a thousand miles in radius for many altitude increases. Above about 300
hours after the TEAK megaton-range miles, where the density of the atmos-
burst at about 48 miles altitude (§ 2.52). phere is very low, the geomagnetic field
The proposed explanation for these dis- is the dominant factor slowing the out-
turbances is given in § 10.71 et seq. ward expansion of the weapon debris.
There also appeared to be an effect sim- This debris is initially highly ionized
ilar to spread-F (§ 10.12) which ended and is consequently a good electrical
at sunrise, and some tilting of the nor- conductor. As it expands, it pushes the
mal ionospheric stratification which al- geomagnetic field out ahead of it, and
tered the path of reflected radio signals. the magnetic pressure caused by the
Similar but less severe effects were deformation of the field can slow down
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and stop the debris expansion. The reduced air density above 65 miles, the
debris may expand hundreds of miles initial ionization within the fireball is
radially before being stopped by the less than for detonations at lower alti-
magnetic pressure. The problem of the tudes. However, if expansion is largely
expansion of ionized debris against a along the geomagnetic field lines, de-
magnetic field is quite complex. Insta- crease in electron density due to volume
bilities in the interface between the ex- expansion may be relatively slow. Di-
panding debris and the geomagnetic mensions across the geomagnetic field
field can cause jetting of debris across are typically a few hundred miles after a
field lines, and some debris can escape few minutes.
to great distances. 10.67 As stated in § 10.54, electron

10.64 Debris initially directed recombination with positive atomic ions
downward will be stopped by the denser will proceed slowly, and electron den-
air below the burst point at an altitude of sities in the fireball high enough to pro-
about 70 miles, whereas upward-di- duce attenuation of radar signals may
rected debris travels for long distances. last up to a few minutes. Electron den-
If, in being stopped by the atmosphere, sities sufficient to affect electromagnetic
the downward-directed debris heats and signals of lower frequency may persist
ionizes the air, that heated region will much longer. The formation, location,
subsequently rise and expand. Some and extent of the ionized regions are
upward-directed, ionized debris will dependent both on weapon characteris-
follow geomagnetic field lines and will tics and atmospheric composition and
reach the conjugate region in the other are difficult to predict.
hemisphere of the earth. 10.68 Apart from the ionization

10.65 The geomagnetic field will within the fireball region due to the
also play an important role in determin- kinetic energy of the debris ions, the
ing the continued growth and location of radioactive debris causes ionization (in
the ionized region once it has formed. the D-region), after the initial expansion
Expansion along the field lines can con- has ceased. This ionization results from
tinue after expansion across the field has the emission of beta particles and de-
stopped. Arcs (or tubes) of charged layed gamma rays. Hence, the location
particles, mainly beta particles, may be of the debris after the initial expansion is
formed, extending from one hemisphere important.
to the other. Ionization will then occur 10.69 Neutrons and X rays travel-
in the upper atmosphere in each con- ing downward from a burst above about
jugate region. This may happen even for 65 miles altitude will irradiate large
detonations below 65 miles if the fire- areas of the D-region. Some widespread
ball is still highly ionized after it reaches ionization of low intensity will also be
altitudes of a few hundred miles. caused by the decay of neutrons in the

10.66 Within the fireball, the rap- earth's magnetic field, as described in
idly moving debris ions cause ionization § 10.51.
of the air; each such ion can ionize 10.70 The debris that is initially di-
many air molecules and atoms before rected upward or jets across the field
losing its kinetic energy. Because of the lines will be in a position to release beta~
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particles in locations and directions then decreased well below normal until
suitable for trapping in the earth's mag- local sunrise (§ 10.61). Changes in the
netic field. These particles, traveling chemistry of the atmosphere may have
back and forth along the field lines and been partly responsible for the decrease
drifting eastward in longitude around in electron density.
the earth, will spread within a few hours 10.73 As the shock wave slows
to form a shell of high-energy beta par- down, it eventually becomes an acoustic
ticles, i. e., electrons, completely (or sound) wave, often called a gravity
around the earth (§ 2.147). acoustic wave because it is propagated

in a medium (the atmosphere) whose
INDIRECT EFFECTS OF density variation is determined by grav-
HIGH-AL TrrUDE EXPLOSIONS ity. Acoustic waves travel thousands of

10.71 The electron density in the E- miles from the burst point and can cause
and F-regions of the ionosphere may be perturbations in the E- and F-regions at
changed by effects associated with a great distances. These perturbations are
nuclear explosion other than direct ion- evidently hydromagnetic in nature,
ization. The most important of these since the electron densities, which are
effects are hydrodynamic (shock) and difficult to calculate, are apparently de-
hydromagnetic disturbances (see pendent on the direction of propagation
§ 10.26 footnote) and changes in air of the acoustic waves relative to the
chemistry. As the shock wave from the local geomagnetic field lines.
detonation propagates through the at- 10.74 As well as causing ioniza-
mosphere, the air in a given region ex- tion, X rays from a nuclear explosion,
periences first a compression phase and like gamma rays, can produce excited
then a suction phase (§ 3.04). During states (§ 8.23) of atoms and molecules
the compression phase, the density of of the air in the E- and F-regions. These
the air, and hence of the electrons pres- excited neutral particles can undergo
ent, increases because of the decrease in chemical reactions which affect electron
volume. However, the combined effect densities. If the detonation altitude is
of heating by compression and of ex- above about 200 miles, the resulting
pansion of the air during the suction changes can be widespread and may last
phase may be a decrease in the electron for several hours. The moderate de-
density below the normal value. crease in electron density in the F-

10.72 The TEAK high-altitude shot region, observed out to more than 600
produced a shock wave which propa- miles from the burst point after the
gated for several hundred miles from the STARFISH PRIME event (1.4 mega-
burst point. As the shock passed a par- tons at 250 miles altitude), has been
ticular location, the electron densities in attributed to changes in air chemistry
the E- and F-regions first increased and caused by X rays.

" --
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EFFEcrS ON RADIO AND RADAR SIGNALS

SIGNAL DEGRADATION or missed targets for radars. As the

10.75 Nuclear explosions can de- result of a nuclear explosion, the sig-
grade, i.e., attenuate, distort, or inter- nal-to-noise ratio may be decreased by
fere with, signals from radar, commun- attenuation of the signal strength or by
ication, navigation, and other systems increase in noise (or by both).
employing electromagnetic waves pro- 10.77 Detailed analysis of system
pagated through the atmosphere. In performance requires consideration of
general, systems that depend on the many factors. These include the follow-
normal ionosphere for propagation by ing: the geographic and geomagnetic
reflection or scattering, as will be de- locations of the burst point and of the
scribed in due course, can be affected propagation paths; time variations of the
over large areas for periods ranging electromagnetic transmission properties
from minutes to hours following a single along these paths, i.e., propagation
burst at high altitude. Electromagnetic channel characteristics; the effect of
waves that pass through the ionosphere, these characteristics on the desired sig-
but do not rely on it for propagation, nal, on noise generated within the re-
e.g., satellite communication and some ceiver, and on undesired signals reach-
radar systems, can also be affected, but ing the receiver; the signal processing
usually only over localized regions and used; the system mission; and criteria of
for periods of seconds to minutes. Sys- system performance.
terns which use waves that propagate
below the ionosphere, along lines-of- SIGNAL ATTENUATION
sight between ground stations or be-
tween ground stations and aircraft, will 10.78 Absorption of energy from
not, in general, experience signal deg- the electromagnetic waves is the major
radation. source of signal attenuation following

10.76 The signal strength required the detonation of a nuclear weapon. In
for acceptable systems performance is general, the absorption produced by a
usually given in terms of a signal-to- certain electron density is related inver-
noise ratio. The term "noise" refers to sely to the square of the wave frequency
random signals that may originate (§ 10.130); hence, absorption is more
within the receiver itself or may arise important for low- than for high-
from external sources, usually thunder- frequency systems that use the ionos-
storms and other electrical disturbances phere for long-range transmission. The
in the atmosphere. Nuclear explosions extent of absorption depends strongly on
can also generate noise. When the sig- the location of the transmission path
nal-to-noise ratio falls below a mini- relative to the burst point and to the time
mum acceptable level, system degrada- after the burst. Shortly after the explo-
tion occurs in the form of increased sion, absorption may be so intense that
error rate, e.g., symbol or word errors there is a blackout and communication
for communications systems and false is impossible. This will be followed by a
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period of reduced system performance is known as ..synchrotron radiation."
before fairly normal conditions are res- This covers a range of frequencies, but
tored. The duration of the blackout, is much more intense at low than at high
particularly for systems operating below frequencies. Synchrotron radiation
about 30 megahertz, is generally long in picked up by an antenna will produce
comparison with that of reduced per- noise in the receiver. However, the
formance. Absorption may also affect noise level is relatively weak and is not
received noise levels if the noise reaches significant except for very sensitive,
the receiver via the ionosphere. low-frequency systems with the antenna

10.79 When the electron densities beam at right angles to the geomagnetic
are decreased by the effects of a nuclear field lines.

explosion, signal attenuation, especially
in the frequency range between 3 and 30
megahertz, can result from loss of re- PHASE EFFECTS
flection (due to refraction) from the E-
and F-region. Signals which would nor- 10.82 In free space, the phase ve-
rnally reach the receiver by reflection locity of an electromagnetic wave, i.e.,
from the ionosphere may then be only the rate of propagation of a plane of
weakly refracted so that they continue constant phase, is equal to the velocity
into space. of light in a vacuum. In an ionized

medium, however, the phase velocity
NOISE exceeds the velocity of light by an

amount which depends on the frequency
10.80 Two noise sources from a of the wave and the electron density of

nuclear detonation are thermal radiation the medium. If an electromagnetic sig-
from the fireball and synchrotron radia- nal traverses a region that has become
tion from beta particles traveling along ionized by a nuclear detonation, it will
the geomagnetic field lines. The fireball consequently suffer phase changes. A
may remain at temperatures above communication system that uses phase
1,0000 Kelvin for a few hundred sec- information will thus be affected. Fur-
onds and may produce considerable thermore, because the phase velocity
noise if the antenna is pointed at the varies with the wave frequency, a signal
fireball. Thermal noise generally will be consisting of waves of several frequen-
significant only for systems with low cies, as is commonly the case, will be
(internal) receiver noise. The actual distorted because the phase relationships
noise received will depend on the prop- between the waves will be changed.
erties of the fireball, e.g., whether or not 10.83 If the propagation path passes
it is absorbing at the frequency of inter- through regions of varying electron
est, the amount of attenuation outside densities, that is to say, if the electron
the fireball, and the directivity of the densities encountered by the signal vary
receiving antenna. with time, a frequency shift (Doppler

10.81 Beta particles spiraling along shift) occurs. For wide-band communi-
the geomagnetic field lines radiate elec- cations systems there may then be in-
tromagnetic energy in the form of what terference between adjacent channels.
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As a result, the effective (or useful) ing electron density, i.e., of decreasing
bandwidth would be decreased. refractive index, the continued refrac-

10.84 Although the phase velocity tion may cause the wave to return to the
of electromagnetic waves is greater in region of low electron density from
an ionized medium than in free space, which it originally came. The wave is
the group velocity, i.e., the velocity then said to be reflected. By increasing
with which the signal energy is trans- the electron density in the ionosphere, a
mitted, is less than the velocity of light. nuclear detonation will change the re-
The group velocity is also dependent on flection altitude of electromagnetic
the wave frequency and the electron waves coming from the earth. Thus,
density of the medium. A signal passing systems that rely on reflection from the
through an ionized region thus suffers ionosphere for long-range communica-
frequency-dependent time delays as tions can be adversely affected by the
compared with propagation through free detonation. Even if reflected signals are
space. This will cause various errors in not normally used, unwanted reflected
radar systems, as will be seen in signals may cause interference with the
§ 10.119. desired direct signals.

10.87 When an electromagnetic
REFRACTION AND SCAlTERING wave encounters patches (or blobs) of
EFFECTS irregular ionization, successive refrac-

tions may lead to more-or-less random
10.85 The phase change of an elec- changes in the direction of propagation.

tromagnetic wave in an ionized medium This is referred to as "scattering... The
is related to the refractive index of the term "forward scattering'. is used when
wave in this medium (§ 10.125). The the propagation after scattering is in the
index of refraction in free space is unity, same general direction as before scat-
but in an ionized region it is less than tering. If the electromagnetic wave is
unity by an amount that increases with scattered toward the location from
the electron density, for waves of a which it came, the effect is described as
given frequency. As a result, the direc- "backscattering."
tion of propagation of an electromagne- 10.88 Reflection and scattering of
tic wave is changed in passing from free electromagnetic waves from ionized re-
space, i.e., the nonionized (or very gions produced by a nuclear explosion
weakly ionized) atmosphere, into a re- can result in abnormal propagation paths ~

gion of significant ionization. This is the between transmitter and receiver of a
basis of the refraction (or bending) of radio system. Multipath interference,
electromagnetic waves by an ionized which occurs when a desired signal
medium described in § 10.08. The wave reaches the receiver after traversing two
is always bent away from the region of or more separate paths, produces fading
lower refractive index (higher electron and signal distortion. Interfering sig-
density) toward that of higher refractive nals, due to anomalous propagation
index (lower electron density). from other radio transmitters, can in-

10.86 If an electromagnetic wave is crease noise levels to such an extent that
propagated through a region of increas- the desired signal might be masked. In
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radar systems, changes in the propaga- weapon yields and detonation altitudes
tion direction due to refraction can cause which were not necessarily those that
angular errors. Moreover, if a radar would maximize the effects on com-
signal is scattered back to the receiver, it munications systems.
can mask desired target returns or, de- 10.91 It is convenient to discuss
pending on the characteristics of the radio system effects in accordance with
scattering medium, it may generate a the conventional division of the radio-
false target (§ 10.120 et seq.). frequency spectrum into decades of fre-

quency ranges. These ranges, with as-
RADIO COMMUNICATIONS SYSTEMS sociated frequencies and wavelengths,

are given in Table 10.91. Radar sys-
10.89 The general category of radio terns, which normally employ the fre-

sysrems of interest includes those in quency range of YHF or higher, are
which electromagnetic waves are re- treated separately in § 10.114 et seq.
flected or scattered from the troposphere
(§ 9.126) or the ionosphere. Such sys- VERY-LOW-FREQUENCY RANGE (3 to
terns are used primarily for long-dis- 30 kHz)
tance communications; however, other
uses, e.g., over-the-horizon radars, also 10.92 The frequencies in the YLF
fall in this category. band are low enough for fewer than 100

10.90 Detailed analysis of com- free electrons/cm3 to cause reflection of
munications systems, even for the nor- the signal (§ 10.20). The bottom of the
mal atmosphere, is difficult and depends ionosphere thus effectively acts as a
largely on the use of empirical data. sharp boundary which is not penetrated,
Measurements made during nuclear and the electromagnetic radiation is
tests have shown that both degradation confined between the earth and the ion-
and enhancement of signals can occur. osphere by repeated reflections. The re-
The limited information available, suIting "sky wave," as it is called, may
however, has been obtained in tests for be regarded as traveling along a duct (or

Table 10.91

RADIOFREQUENCYSPECTRUM

Name of Range Frequency Range. Wavelength Range

..
Very Low Frequency VLF 3-30 kHz 10'-I<J6 cm
Low Frequency LF 30-300 kHz 106-10' cm
Medium Frequency MF 300-3,CXX> kHz 10'-1()4 cm

High Frequency HF 3-30 MHz 1()4-I03 cm
Very High Frequency VHF 30-300 MHz 103-103 cm
Ultra High Frequency UHF 300-3,CXX> MHz 10'-10 cm

Super High Frequency SHF 3-30 GHz 10- I cm
Extremely High Frequency EHF 30-300 GHz 10- I mm

.The abbreviation kHz, MHz, and GHz refer to kilohertz (103 cycleslsec), megahertz (1<J6 cyclesl sec),
and gigahertz (1()9 cycleslsec), respectively.
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guide) whose boundaries are the earth where both ground and sky waves are
and that level in the atmosphere at received, the change in phase of the sky
which the electron density is about 100 wave may result in mutual interference
electrons per cubic centimeter. There is of the two signals. There will then be a
also a .'ground wave" whereby the sig- reduction in the strength of the pro-
nal is transmitted along the surface of cessed signal. Over relatively short
the earth and tends to follow its curva- transmission paths, when only the
ture. Global VLF broadcast communi- ground wave is normally used, the
cations and maritime and aerial naviga- change in reflection altitude may cause
tion systems use the long propagation the sky wave to be received. This may
distances that are possible because enhance or interfere with the ground
ground wave attenuation is relatively wave, according to circumstances. For
low and the sky wave is reflected at the long-distance VLF communications,
bottom of the ionosphere with little ab- when only the sky wave is important, a
sorption. nuclear explosion can cause large phase

.changes even at a distance. Thus, after
10.93 The major effect of nuclear th TEA K d O RANGE h. h- It .

t de an Ig a I u e

detonatIons IS to cause IOniZatIon I.e., h t (§ 2 52) th 18 6-k.1 h t .
Ih s os ., e .10 erzslgna

an Increase In electron densIty, whlC t .tt d f th N I R d. St...ransml e rom e ava a 10 a-
may lower the IonospherIc reflectIon al- t. t S ttl W h.

t t C...Ion a ea e, as Ingon, 0 am-
tltude. TheoretIcal analyses and expen- b .

d M h tt ff d...rl ge, assac use s, su ere an
mental data indIcate that the major con- b t h h.ft Th t.

th.a rup p ase s I. e en Ire pa was
sequences are phase anomalIes and t I t 3 000 .

1 f th b t...a eas , ml es rom e urs
changes In sIgnal strength and In the.

t..porn s.
noIse from dIstant thunderstorms. These 10 96 D.

t t th d t...IS an un ers orms pro-
effects are expected to persIst longer In d t h ...

th.uce some a mosp enc noIse In e
the daytime than at night because of the VLF b d th . I I d d . .an, e noIse eve epen Ing on

slower decay of the electron densIty, th . h . fl t. h .
ht.e lonosp erlc re ec Ion elg .

assuming the same weapon YIeld and H h . th O h .
ht ff tence, a c ange In IS elg can a ec

burst altitude. h . I ..
Tht e sIgna -to-noIse ratIo. e system

10.94 Phase changes may be large degradation or improvement following a
and rapid, e.g., 1,000 degrees or so nuclear detonation will depend on the
within a millisecond, and they are fol- relative geographic locations of the sig-
lowed by a slow recovery of a few nal source, the noise source, the ioniza-
degrees per second. Such phase changes tion produced, and the propagation
may be significant for navigation, syn- path. Reduction of the signal-to-noise
chronous communications, and phase ratio appears to be significant primarily
modulation systems. VLF systems for long transmission paths with ionos-
operating over short, medium, or long pheric reflection. A single high-altitude
distances can be affected by the phase explosion or multiple explosions which
changes that result from the ionization produce ionization affecting appreciable
produced by a nuclear explosion. portions of a propagation path will result

10.95 On paths of medium length, in maximum degradation.

~~---



484 RADIO AND RADAR EFFECTS

LOW-FREQUENCY RANGE (30 TO 300 when ionization produced by the deto-
kHz) nation affects appreciable portions of the

.propagation path. Furthermore, large
10.97 As the electromagnetIc wave phase shifts can occur.

frequency is increased above 30 kilo-
hertz, the normal ionosphere behaves
much less as a sharp boundary. The MEDIUM-FREQUENCY RANGE
wave penetrates several miles before (300kHz TO 3 MHz)
being reflected back toward the earth. ..
Th I . d t h . h th 10.99 Normal propagation In the

e a tltu e 0 w IC e wave pene-
d th tt t . II MF band is characterized by large at-

trates an e a enua Ion norma y ex-. ..
. d d d t I th tenuatlon of sky waves In the daytime,

penence epen srongyon e mag- .
d d h t f t . I h limIting communIcatIon at such times to

mtu e an t e ra e 0 ver Ica c ange, .
h d. f I t d .t t ground waves. Increase of IOnIzatIon In

I.e., t e gra lent, 0 e ec ron ensl y a ...
h bo f h . h R fl t .the D-reglon from hIgh-altitude nuclear
t e ttom 0 t e lonosp ere. e ec Ion ...

d h f I f t .explosions wIll cause further attenuation
exten s t e use u range 0 propaga Ion, .

. I I . h h .. t ..of MF sky waves, and propagation may
partlcu ar y at mg t w en lomza Ion In ...
h I D .. II b t be limIted to the ground wave durIng

t e ower -regIon IS norma y a sen ...
A . f h k ..both day and nIght. In regIons near the

ttenuatlon 0 t e s y wave Increases In ...
h d .. II f th h. h burst (or ItS magnetic conjugate) the sky
t e aytlme, especla y or e Ig er
f . b f th . t wave may be blacked out for hours.
requencles ecause 0 elr greaer ..

. Al h h d Since atmospherIc noIse propagated by
penetration. t oug groun waves are. ...

I d f LF t ..the Ionosphere IS a prIncIpal source of
common y use or ransmlsslons,. ...

k f . d t bl .Interference, absorption In the D-reglon
s y waves 0 ten provi e accep a e slg-. .

I f h d . 1 f th may Improve ground-wave reception for
na s a ew t ousan ml es rom e ..

t .some paths. However, the limiting slg-
transmitting sta Ion. ... d . d .

nal-to-nolse ratio IS etermlne pn-
10.98 Ionization from nuclear ex- marily by local thunderstorm activity.

pi os ions will generally not degrade the Reduction of noise from distant thun-
performance of LF systems which nor- derstorms will thus not improve mar-
mally depend only on the ground wave ginal reception.
unless the change in reflection altitude
causes the sky wave to be received. As HIGH-FREQUENCY RANGE (3 TO 30
with VLF, this may enhance or interfere MHz)
with the ground wave according to the
circumstances; however, reception of 10.100 The HF band is used ex-
the sky wave is less likely for LF than tensively for long-range communica-
for VLF. Systems which rely on sky- tions; the frequencies are high enough to
wave propagation may experience at- permit transmission of information at a
tenuation lasting from a few minutes to rapid rate and yet are sufficiently low to
several hours. For a given yield and be reflected by the ionosphere. The sig-
burst height, the duration of the distur- nals are propagated from the transmitter
bance may be expected to be greatest in to a receiver by successive reflections
the daytime. The most severe attenua- from the E- or F-region and the surface
tion appears to occur for long paths, of the earth. Electromagnetic waves



EFFECTS ON RADIO AND RADAR SIGNALS 485

with frequencies toward the lower end distance of about 1,500 miles from the
of the HF range are normally reflected burst point. Recovery would require
from the E-region of the ionosphere from a few hundred to a few thousand
after suffering some attenuation by ab- seconds, depending on the explosion
sorption in the D-region. Reflection at yield, the signal frequency, and the
the upper end of the range requires number of traversals of the D-region
higher electron densities and occurs made by the electromagnetic wave in its
from the F-region (§ 10.135). successive reflections from transmitter

10.101 If a nuclear explosion in- to receiver.
creases the electron density in the D- 10.104 The signal degradation due
region above its usual maximum value to delayed radiations also varies with the
of about 103 electrons/cm3, signal atten- explosion yield and altitude. For weap-
uation by absorption will be increased. ons detonated at low altitudes, in which
Furthermore, the increase in electron the radioactive residues do not rise
density may lower the reflection altitude above 15 miles, the effects on HF sys-
and thus change the propagation path of terns will generally be small, except for
the signal. Communications (and other) propagation paths close to the burst
systems using the HF range can thus be point. If the debris reaches an altitude
seriously degraded. Disturbances re- above] 5 miles but below about 35 to 40
suIting from an increase in the D-region miles, the D-region above the debris
electron density will persist longer in the will be ionized by delayed gamma rays
daytime than at night, but decreases in and possibly by beta particles (§ 10.46).
the E- and F-regions may reverse the Should the debris rise above 40 miles,
situation (§ 10.105). the beta particles will cause ionization

10.102 Both prompt and delayed both in the burst region and in the mag-
radiations from a nuclear burst can pro- netic conjugate region. In the low-alti-
duce sufficient ionization to cause tude detonation of weapons of large
blackout of HF signals, lasting from a yield, the debris may rise above 15
few seconds to several hours. The re- miles and significant attenuation of HF
covery time depends, among other signals can occur for propagation paths
things, on the weapon yield and the within several hundred miles of the
detonation altitude. The period during burst point. For high-altitude detonation
which the system is degraded is greater of such weapons, blackout may persist
for lower than for higher frequencies, for many hours over regions thousands
because a higher electron density is re- of miles in diameter. Even kiloton-yield
quired in the latter case, and it increases detonations at very high altitudes may
with the number of times the propaga- cause daytime blackout of HF systems
tion path traverses the region of en- over considerable areas for periods of
hanced ionization. minutes to tens of minutes.

10.103 The effect of prompt radia- 10.105 Nuclear explosions may
tion is greatest for high-altitude explo- also affect HF communications by a
sions. Thus, a megaton burst at a height decrease in the electron density in the E-
of 200 miles in the daytime would be and F-regions which changes their re-
expected to disrupt HF systems out to a flection characteristics. Following the

-
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TEAK shot (in the D-region), the max- VERY-HIGH-FREQUENCY RANGE (30
imum usable frequency for long-dis- TO 300 MHz)

tance communication was reduced over 10 108 S . I ' h VHF...Ignas m t e range

an area some thousands of miles m ra- .
d. f .od I t . f h rtl penetrate the normal Ionosphere and

IUS or a pen as mg rom soy

ft . d . ht t . l . ( f escape from the earth. Consequently,
a er ml nlg un I sunrIse c.§ 10 72) S h h .

th thIs frequency range IS prImarIly used
..uc severe c anges me.. ..

fl t . t . f th ' h for lIne-of-slght commumcatlons over
re ec Ion proper les 0 e lonosp ere .

t t d h d . th short dIstances, e.g., commercial tele-
were no no e, owever, unng e ..
FISHBOWL h . h It . t d t t .vIsIon channels and FM radio, but

Ig -a I u e es serIes(§ 2 52) N rth I I t d I long-range commumcatlon IS possIble

..eve e ess, e ec ron ep e- .
t.. th E d F .. t d by makmg use of the small amount of

Ion m e -an -regIons IS expec e

t be .. ft t d d t ' f t transmitted energy that is scattered back
0 a slgm can egra a Ion ac or

f II ' I . Id d t t ' bo to earth in a forward direction by
0 owmg arge-Yle e ona Ions a ve
b t 65 . 1 d . th . htt .patches of unusually intense ionization.

a ou ml es unng e mg Ime, .
R t t . f th I I t d Forward propagatIon ionospheric scatter

es ora Ion 0 e norma e ec ron en-

. t f II . d t . I . f (FPIS) systems are inefficient, since
Sl y 0 owmg a ay Ime exp oslon 0 .
th t h Id only a minute fractIon of the energy of

e same ype s ou occur more rap-

'dl the transmitter reaches the receiver, butI y, they make additional portions of the

10.106 For three events at the electromagnetic spectrum available for
highest altitudes in the FISHBOWL fairly reliable communication between
series, a number of new propagation ground stations at distances up to 1,500
modes were noted; in some cases the miles apart,
use ~f exceptionally high frequencie~, 10.109 Normally, VHF signals
well mto the VHF range, becam.e POS~I- scatter from ionization irregularities
ble. ~hen s~~h modes were m exls- caused by meteor trails or by turbulence
tenc~, m addltlon.to the normal.modes, in the upper part of the D-region. Since
consl~erable multlpath propagatIon was scattering from meteor trails occurs at
experIenced, The usefulness of the new altitudes of about 60 miles or more the

.'
modes depends markedly ~n the relatIve propagation path must traverse the re-
ge?metry of the trans~ltter and. re- gion of maximum absorption (around 40
celver, and on the reflectIon mechamsm. miles altitude) caused by delayed

10.107 It is important to mention gamma and beta radiations from a nu-
that, although HF communications can clear burst. Meteor-scatter circuits nor-
be degraded seriously by a nuclear ex- mally operate with fairly small signal
plosion at high altitude, radio systems margins, and so absorption effects can
operating in this band may still be able be important,

to perform substantial portions of their 10.110 Signals in FPIS systems
mission in some circumstances, It is by scattered from irregularities in electron
no means certain, for example, that HF density caused by turbulence may be
systems will be blacked out completely enhanced by the increased ionization
if the transmission path is at some dis- from a nuclear explosion. However,
tance from the burst point. absorption will reduce the signal return
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from normal scatter heights to negligible propagation due to increased ionos-
magnitudes for only a short period of pheric ionization appears unlikely.
time. New propagation modes, pro- 10.113 Line-of-sight propagation
duced by reflection from increased ion- through the ionosphere, such as is used
ization in the F-region or by fireball by UHF satellite links, can be degraded
ionization, can cause a multipath condi- if the propagation path passes through or
tion which will reduce the effective cir- near the fireball. Ionization by delayed
cuit bandwidth. Following the KING- radiation, especially beta particles, can
FISH event (submegaton yield in the produce absorption lasting a few min-
E-region), the Midway-to-Kauai ionos- utes over regions of from tens of miles
pheric-scatter circuit in the Pacific was to a few hundred miles in radius. If the
required to operate on a reduced band- ground-to-satellite propagation path
width for 21 minutes. Pacific FPIS sys- moves rapidly, the degradation period
terns also experienced about 30 seconds will depend primarily on the relative
of blackout following the STARFISH geometry of the path and the disturbed
PRIME test (§ 10.74). region. Wide-band satellite signals can

10.111 Line-of-sight propagation be degraded by signal distortion.
traversing the D-region, e.g., satellite
communications, can be degraded by RADAR SYSTEM EFFECTS (VHF AND
absorption due to an increase in electron ABOVE)
density arising from delayed radiation. ..
The degradation may last for tens of 1.°.114 Ra~ar ~ystems are sl~llar to
minutes over regions of hundreds of radio commumcatlo~s systems ~n the
miles in radius. Attenuation and signal respect that a transmitter and receiver of
distortion caused by fireball regions electromagnetic waves are used. How-
above about 60 miles may also affect ever, in radar the receiver is located near
communication systems operating in the the transmitter and may use the same
VHF band. antenna, which typically is highly

directional. The transmitted signal,
ULTRA-HIGH FREQUENCY RANGE consisting of a series of pul~es, is .in part
(300 MHz TO 3 GHz) reflected back to the receiver, like an

echo, by objects in the path of the
10.112 In the UHF band (and the pulsed beam. From the direction of the

upper part of the VHF band), forward antenna, the travel time of the signal,
scattering by neutral molecules and and its speed of propagation, informa-
small particles in the troposphere (below tion can be obtained concerning the 10-
about 12 miles) is used to extend prop- cation and movement of the source of
agation beyond the line of sight. Weap- the echo. Frequencies normally em-
ons detonated above the troposphere are ployed in this connection are in the VHF
not expected to affect tropospheric range and above. There is little effect of
propagation paths. Bursts at lower alti- ionization on signals of these frequen-
tude may cause degradation for a few cies provided both the radar and the
seconds if the fireball rises through the target are below the ionosphere.
propagation path. Significant multipath 10.115 If the signal must pass

E ~
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through the ionosphere, however, the detonations at lower altitudes (§ 10,36),
interference from nuclear detonations The degree and areal extent of the ab-
becomes important, Radar signals tra- sorption can be calculated with reason-
versing the ionosphere will, like radio able reliability but lengthy computations
signals, be subject to attenuation. AI- are required.
though any additional attenuation is un- 10 118 AI h h b ..

, ..t oug a sorptIon IS gen-
derslrable the amount whIch can be , .

d '. .d I ' h h f erally the malO source of degradation of
tolerate vanes WI e y WIt t e type 0

d t th be fra ar sys ems, ere are anum r 0
radar and the purpose of the system, In h h ' h' h be '

" ot er mec arnsms w IC may Im-
search radars, for example, where It IS ,

F I th, portant m some cases, or examp e, e
desIred to detect each target at the, I th be be t b f t' ...sIgna pa may n y re rac Ion

greatest possIble range, I,e" Just as soon h h I t t '
tw en tee ec romagne IC wave ra-

as the target return becomes observable d" h'
h h I, .verses a me lum m w IC tee ectron

agamst the background nOIse, even the d '
t h I th th I th, ..ens I y c anges a ong e pa eng,

smallest addItional sIgnal loss results A I d ' .
I, .' sa resu t, Irectlona errors can occur,

directly m shortenIng of the range at Th' ff be .' fi t .
f th, , IS e ect may slgrn can I e

whIch a gIven target can be detected. A .
I I t h fi b II b., , sIgna passes c ose 0 t e re a, ut

trackmg or guIdance radar m a weapon .d h ' , h. h b .
OUtSI e t e regIon m w IC a sorption

system, on the other hand, usually takes d '
h th I t.." , pre ommates, were e e ec ron gra-

over ItS target well mslde ItS maxImum. "d ' ' f h ( h) dlents are large, or If the sIgnal traverses

etectlon range, rom anot er searc h E . h h I d '
, t e -regIon were tee ectron enslty

radar whIch has already detected and, h. h d h f II " ,
h., ,IS Ig an t e rate 0 co Islon WIt

tracked the object. In thIs case the sIgnal h ' I .
I (§ 10 137)ot er partlc es IS ow , ,

can be attenuated to a much greater
degree before the radar loses its ability 10.119 The velocity of propagation
to acquire or track. of the radar signal that is detected is

10.116 A large amount of attenua- equal to the group velocity of the elec-
tion by absorption occurs when the tromagnetic wave described in § 10.84;
propagation path traverses a fireball. this determines the travel time of the
The attenuation is determined by the signal from the transmitter to the target
properties of the fireball and these are and back, Changes in the group velocity
strongly dependent on altitude. In gen- as a result of propagation through an
eral, it can be said that fireballs will be ionized medium will change the signal
opaque to radar signals operating at fre- travel time and will introduce an error in
quencies of 10 gigahertz (104 mega- estimating the range of the target. Since
hertz) and below, for periods of tens of the change in the group velocity varies
seconds to a few minutes. with the wave frequency, radar systems

10.117 The ionized atmosphere using wide bandwidths will have dif-
surrounding the fireball will absorb ferent travel times over the range of

radar frequencies below a few giga- frequencies present in the signal. The
hertz, i.e" a few thousand megahertz, return signals will then arrive at dif-
when the fireball is above about 10 ferent times, leading to what is called
miles, A smaller region adjacent to the" dispersion." The phenomenon is
fireball will have the same effect for characteristic of transmission through a
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highly ionized rnediurn and causes sub- periences forward scattering through
stantial range errors. srnall angles, the signals reaching the

10.120 The fireball and the charged receiver will fluctuate both in phase and
particles in the tube enclosed by the arnplitude. The resulting effect is re-
geornagnetic field lines (§ 10.65) rnay ferred to as "scintillation." The phase
reflect or scatter radar waves, thus pro- fluctuations are equivalent to fluctua-
ducing spurious signals which rnay be tions in the angle of arrival of the sig-
confused with target return signals. This nals, so that the apparent position of the
effect, known as "clutter," rnayoccur target will appear to rnove sornewhat
by reflection frorn rapidly changing gra- randornly. The arnplitude fluctuations
dients of electron density or as back- rnake target identification difficult for
scatter frorn irregular patches of ioniza- the signal processing systern.
tion or frorn particulate rnatter thrown
into the air when a fireball touches the
surface. Clutter returns rnay be so in- SUMMARY OF NUCLEAR
tense as to affect radars in the sarne way DETONATION EFFECTS
that terrain features sornetirnes cause
difficulties by reflecting energy back to 10.122 The general effects of nu-
the receiver thereby rnasking weak tar- clear detonations on the various radio-
gets. frequency ranges used in radio and radar

10.121 If part of the energy of the systerns are surnrnarized in Table
radar pulses returning frorn a target ex- 10.122.

TECHNICAL ASPECTS OF RADIO AND RADAR EFFECTS 3

DENSITY OF THE ATMOSPHERE AND
ALTITUDE tion of the air change with altitude, the

scale height is not actually a constant.
10.123 The decrease in density of However, below about 60 rniles, use of

the atrnosphere with increasing altitude a constant density scale height of 4.3
can be represented approxirnately by the rniles in equation (10.123.1) gives a
equation fairly good representation of the change

( h) = -hiH -3 (10 123 1) in atrnospheric density with altitude. For
P poe pgcrn, .. h. h ... Ig er altItudes the densIty scale heIght

where p (h) and Po are the densities, in increases, i.e., the density varies rnore
g/crn3 at height h and at sea level, re- slowly with altitude, but since altitudes
spectively, and Hp is called the scale below 60 rniles are of prirnary interest
height; hand Hp rnust be expressed in for the present purpose, the sirnple ex-
the sarne units of length, e.g., rniles. ponential relationships with constant
Because both ternperature and cornposi- scale height will be ernployed.

'The remaining sections of this chapter may be omitted without loss of continuity.
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TECHNICAL ASPECTS OF RADIO AND RADAR EFFECTS

10.124 By setting Hp in equation to the effects of nuclear explosions on
(10.123.1) equal to 4.3 miles, the result the ionization of the atmosphere.
is 10.126 Attenuation of electromag-

netic (and other) signals is commonly
P (h) = P e-h/43 ( 10 124 1)0 ..stated in terms of decibels; thus,

and this expression, with h in miles, will ...P
be used later. If the base of the exponent AttenuatIon In decIbels = 10 log po- ,
is changed from e to 10, where oul

e = 10-23, then where Pio is the signal power (or

P (h) = P 10-h/43 x 23 = P 10-h/IO strength) before attenuation and Pool is
0 0 f . A .

fthat a ter attenuatIon. n attenuation 0
It follows, therefore, that in the altitude 10 decibels implies that the signal
range of interest, the density of the at- strength has been reduced to 10-1,20
mosphere decreases approximately by a decibels to 10-2, 30 decibels to 10-3,
factor of 10 for every 10 miles increase and so on, of the original strength. A
in altitude. Thus, at an altitude of 40 decrease of 20 to 40 decibels, depending
miles the air density is about 10-4 and at on the original signal power and the
60 miles roughly 10-6 of the sea-level noise level, will generally result in

density. serious degradation of communications.
As a rough guide, it may be taken that
an attenuation of 30 decibels will reduce

A 1TENUA TION AND REFRACTION OF substantially the effectiveness of a radio
ELECTROMAGNETIC W A YES or radar system.

10.127 From the theory of the
10.125 The propagation of electro- propagation of electromagnetic waves

magnetic waves of a given frequency through an ionized medium, it is found
through a medium can be described in that the signal attenuation, a, in decibels
terms of a "complex" index of refrac- per mile of travel path, is given by
tion, consisting of a real part and an
imaginary part. The real part is a phase a = 7.4 x 104 N,v
factor which determines the phase shift 11)2 + V2

and ordinary index of refraction, i.e., decibels per mile, (10.127.1)
the ratio of the phase velocity of the
electromagnetic waves in a vacuum to where Ne is the electron density, i.e.,
that in the given medium. The imagi- number of electrons per cubic centime-
nary part, on the other hand, is related to ter, v is the number of collisions per
the attenuation of the waves by absorp- second which an electron makes with
tion in the medium. From the equations ions, molecules, or atoms, and II) is the
of motion of electromagnetic waves, it (angular) frequency of the wave (in ra-
is possible to derive expressions for the dians per second). It follows from
index of refraction and for the attenua- equation (10.127.1) that if the collision
tion in an ionized medium. Appropriate frequency v is small then, for a given
forms of these expressions are given and wave frequency, a will be small because
discussed below, with special reference of the v in the numerator. On the other
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hand, if v is very large, a will again be frequencies greater than about 10 me-
small because of the V2 in the denomi- gahertz, V2 at an altitude of 40 miles
nator. Thus, the attenuation passes may be neglected in comparison with w2
through a maximum for a particular in the denominater of equation
value of the electron collision fre- (10.127.1); this equation then reduces

quency. to
10.128 Since the collision fre- Nv..

quency is proportional to the density of a = 7.4xl04 ~ decIbels per mIle,

the air, it will decrease exponentially (10.130.1)
with altitude. It is to be expected,
therefore, that the values of v for which
attenuation of signals is important so that the attenuation (in decibels) is
would occur only within a relatively approximately proportional to the elec-
narrow altitude region. Theoretical tron collision frequency. At 40 miles
studies show that the attenuation of altitude, the latter is roughly 2 x 107
radio and radar signals caused by nu- per second. Upon inserting this value
clear explosions occurs mainly within a for v in equation (10.130.1) and con-
I O-mile range centered about an altitude verting the wave frequency from radians
of 40 miles. Hence, by confining atten- per second to megahertz, the result is

tion to the situation in the neighborhood N
of a 40 mile altitude, it is possible to a = 4 x 10-2 If- decibels per mile,

avoid complexities and yet present a
reasonably accurate picture of the ef-
fects of the burst on electromagnetic where f is the wave frequency in mega-
signals. hertz, i.e., 10-6w/21T. If the signal beam

10.129 There are two exceptions to has an angle of incidence i, referred to
the foregoing generalizations: (I) atten- the vertical, and the ionized region is 10
uation within or close to the fireball or miles thick, the total attenuation, A, is

debris regions, and (2) nighttime atten- N..
uation by ionization resulting from A = 0.4 It sec I decIbels, (10. 130.2)

prompt radiation. In the former case, the
altitude of the region of maximum at- for frequencies greater than about 10

tenuation is governed by the altitude and megahertz.
size of the fireball or debris region. In 10.131 The collision frequency
the second case, the altitude of peak used above is for electron collisions
attenuation is about 55 miles, but since with neutral particles, since these pre-
the electron density due to delayed ra- dominate at 40 miles altitude. For elec-
diation is dominant at night after only a tron densities greater than about 109
few seconds, the prompt ionization can electrons/cm3, collisions of electrons
be ignored. The present treatment will, with ions can be important, particularly
therefore, be mainly concerned with the within a fireball at or above 60 miles
10-mile range of the atmosphere cen- altitude, where the neutral particle den-
tered at an altitude of 40 miles. sity is low and electron-neutral collision

10.130 For electromagnetic wave frequencies are small. But for attenua-

",!~i1i---
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tion of electromagnetic signals in the f is the wave frequency in megahertz.
D-region at some distance from the Upon inserting the numerical values for
fireball, equation (10.130.2) is applica- e and m, it is found that
ble.

10.132 For operational HF circuits, n = ( I -~
) 1/2

the value of sec i is about 5 under 104 p
normal conditions. It follows then from
equation (10.130.2) that, for a fre- Since electron densities are not known
quencyof 10 megahertz, a 10-mile thick very accurately, this result may be ap-
layer with an electron density of about proximated to
1.5 x 103 electrons/cm3 at 40 miles al-
titude will produce 30 decibels of signal n = ( 1 -~

) Ii2 (10.133.2)

attenuation. For a frequency of 30 me- 104 P

gahertz, the same attenuation will result
from an electron density of about 10.134 If an electromagnetic wave
1.4 x I ()4 electrons/cm3. These electron crosses a plane interface where the
densities may be taken as indicative of index of refraction changes sharply from
the values required to degrade HF sys- I to n, a beam will be bent by an amount
terns. Since radars usually operate at given by the familiar Snell's law, i.e.,
frequencies greater than 30 megahertz
and sec i generally will be less than 5, ~ = n
densities exceeding 105 electrons/cm3 sin r '

are necessary to cause serious attenua-
tion when the signals pass through the where i is the angle of incidence and r
D-region of the ionosphere. the angll.: of refraction. If the index of

10.133 Consideration will now be refraction is such that n = sin i, then
given to the phase aspects of the propa- sin r = I, i.e., r = 9()°, and critical

gation of electromagnetic waves reflection occurs; the refraction is so
through an ionized medium. Provided large that the signal is unable to pene-
the electron collision frequency, v, is trate the medium. The condition for
small in comparison with the wave fre- critical reflection by an ionized medium
quency, W, as has been assumed above, is obtained by setting n in equation
the ordinary (real) index of refraction, (10.133.2) equal to sin i; the result ob-
n, is given by tained is

( 41TN e2)1i2 f = 10-2yN sec in= 1- , ,
mw2 (for critical reflection). (10.134.1)

= ( I -10-12N,e2 ) 1i2, (10.133.1) Forreflectionofanelectromagneticsig-
1T mp nal encountering a given ionized me-

dium, with electron density N" the fre-
where e is the charge (4.8 x 10-10 quency must be less than that expressed
electrostatic unit) and m is the mass by equation (10.134.1). Alternatively,
(9.1 x 10-28 gram) of the electron, and for reflection of a signal of specified
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frequency t, the electron density of the waves can be both attenuated and re-
ionized medium must be greater than fracted by the ionized medium. The ef-
that given by this equation.4 fect that predominates depends on the

10.135 As in § 10.132, sec i may ratio of the electron density gradient to
be taken to be about 5 for an operational the electron collision frequency. If this
HF system. Hence, for a signal of 5 ratio is large, then the wave will be
megahertz, at the lower end of the band, refracted, but if it is small the main
to be reflected, the electron density must effect will be attenuation. In most cir-
exceed 104 electrons/cm3. For a fre- cumstances associated with a nuclear
quency of 30 megahertz, the minimum explosion, attenuation around 40 miles
density for reflection is 3.6 x IOS elec- altitude predominates. At altitudes
trons/cm3. These densities are normally above about 60 miles, however, where
attained in the E- and F-regions of the the collision frequency is small and the
ionosphere, respectively. A change in electron density gradient moderately
the electron density arising from the large, refraction may be important.
effects of a nuclear explosion can alter Also, near the fireball but outside the
the altitude at which an electromagnetic absorbing region, refraction of electro-
wave is reflected and can consequently magnetic. waves up to high frequencies,
affect communications systems, as seen such as radar signals, is possible
earlier in this chapter. (§ 10.37). Although the collision fre-

10.136 Equation (10.134.1) is ap- quency is large, the high electron den-
plicable only when a nonionized me- sity gradient is here the dominant factor.
dium is separated from an ionized one Within the fireball itself, however,
by a sharp boundary at which the change electromagnetic waves are always
in refractive index, from I to n, occurs strongly absorbed.
over a distance small in comparison to a
wavelength at the propagating fre-
quency. This condition does not exist ELECI'RON PRODUCI'ION BY
either in the normal ionosphere or after PROMPT RADIA nONS
it has been disturbed by a nuclear deto-
nation. The refractive index does not 10.138 Consider a nuclear explo-
change sharply and there is a gradual sion of Wkilotons yield and let k be the
bending of the transmitted wave. In fraction of the yield radiated at a partic-
such situations, both the electron den- ular energy, i.e., as monochromatic ra-
sity and its gradient determine the phase diation. For a point source of such radi-
(refraction) effects. ation, assuming negligible scattering

10.137 When the quantity N,/P is and no reradiation, the energy deposited
sufficiently large, electromagnetic (or absorbed) per unit volume of air, ED,

'The quantity IO-'yN, megahertz or, more exactly, (41TN,~/m)" radians per second, is called the
"critical frequency" or "plasma frequency" of an ionized medium, i.e., a plasma. It is the frequency for
which the index of refraction of the given medium is zero. It is also the lowest frequency of an
electromagnetic wave that can penetrate into the medium, and then only for normal incidence, i.e., for
j = O.
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at an "observation" point at a slant pairs, i.e., 3 x 104 electrons, are pro-

distance D frorn the explosion is duced for each rnillion electron volts of

energy absorbed in air (about 34 elec-

kW -11- M tron volts are required to produce an ion
Eo = 41T D2 Pl1-m em, pair). Consequently, about 8 x 1029

(10.138.1) electrons are produced for each kiloton

of energy deposited in the air. Hence,

where P is the air density at the obser- the nurnber of free electrons per unit

vat ion altitude, I1-m is the rnass (energy) volurne, Nt, is obtained frorn equation

absorption coefficient in air of the given (10.138.1), with W in kilotons, as

radiation ,5 and M is the penetration
rnass, i.e., the rnass of air per unit area Nt = 2.4 X 10]8

between the radiation source and the kW -l1-mM-3
b .. Th .. be -PI1- e crn, (10.139.1)

0 servatlon pomt. IS equation rnay D2 m

used for all forrns of prornpt radiation,
using the appropriate value of k given in with P in grarns per cubic centirneter, I1-m

Table 10.138. The fraction of the en- in square centirneters per grarn, M in

ergy radiated as prornpt garnrna rays is grarns per square centirneter, and D in
srnall and its contribution to the electron rniles.

density is generally less than the for 10.140 An expression for M rnay be

other radiations. If the energy deposited obtained in the following rnanner. Let

in the air is reradiated or if the source Ho (Fig. 10.140) be the altitude of the

photons or neutrons are scattered and explosion point and H that of the obser-

follow ~ randorn path be!ore depositing vat ion point which is at a distance D

all their ene.rgy, equation (10.138.1) frorn the burst. Then if D' represents

rnust be rnodlfied (§ 10.142). any position between the explosion and

the observation point, and h is the cor-
Table 10.138 responding altitude, the value of M in

FRACTION OF EXPLOSION ENERGY appropriate units is given by

AS PROMPT RADIATIONS

Radiation k - f D
-M -p(D')dD'

0
X rays 0.7 H
Gamma rays 0.003 D fNeutrons 0.01 = H -H p(h)dh ,

0 H
0

10,139 According to Table 1.45, 1

kiloton TNT equivalent of energy is where, in deriving the second forrn, the
equal to 2.6 x 1025 rnillion electron curvature of the earth has been neg-

volts. Furtherrnore, about 3 x 104 ions lected. If p(h) is now represented by

'The mass absorption coefficient is similar to the mass attenuation coefficient defined in § 8.100,
except that it involves the energy absorption coefficient, referred to in the footnote to equation (8.95.1).
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equation (10.124.1), it is found that for X-ray photons (of lower energy) for

which the mass absorption coefficient is
M = 6.8 x 10:5 D Po approximately inversely proportional to

H -Ho the cube of the energy. Furthermore, the

( -Ho/4.3 --H/4.3 ) 2 situation is complicated as a result of
e e g cm- , energy changes that occur when the

(10.140.1) photons are scattered. For neutrons, the

highest electron densities arise from

where D, H, and Ho are in miles and Po elastic scattering (§ 10.43) and the ne-

in grams per cubic centimeter; the factor cessity for summing over multiple scat-

6.8 x 105, which is the density scale tering angles makes the calculations

height in centimeters (slightly less than difficult, especially in an (inhomogen-

4.3 miles), is introduced to obtain the eous) atmosphere of changing density.

required units (g/cm2) for M. 10.142 Allowance for the effects of

scattering and of the energy spectrum of

//,.,.\,.,.\ "",EXPLOSION the radiation can be made approximately

//,/"", Ho by modifying equation (10.139.1) to

/,0 ",0 take the form
/ ,

/// "",'

",,/ kW
N = 2.4 X 1018 - P F ( ~A\ cm-3, D2 ",.1, ,

/
OBSERVATION (10.142.1)

POINT

where F (M) is an effective mass ab-

sorption coefficient which is a function

of the penetration mass, M. Values of

, F (M)/K, where K is a normalization

~~~~~~:::::::~:~:~~~~~~~~:::~~:;~~~~~~~~~~~~;~~~~~~ factor that permits F (M) for various

F. 10 140 Q .. d . d fi .radiations to be plotted on a single dia-
Igure ..uantltles use In e rung ...

the penetration mass (]\If). gram, are gIven In FIg. 10.142. The

values of K used are shown in the insert.
10.141 In general, the energy ra- 10.143 The electron densities pro-

diated from a nuclear explosion as duced by the total prompt radiation

gamma rays and X rays is not mono- (neutrons and X rays) are obtained by

chromatic but covers a range of photon summing the contributions of the indi-

energies. Hence, integration over the vidual radiations as given by the appro-

energy spectrum is necessary. For the priate forms of equation (10.142.1). In

range in which most of the gamma-ray this manner, the curves in Fig. 10.143

energy is radiated, the mass absorption for electron densities at a height of 40

coefficient of air, ~m' can be considered miles as a function of horizontal dis-

to be constant. But this is not the case tance6 were derived for a I-megaton

"The lerm "horizontal distance,.. as used here and later, refers to the distance parallel to the earth's
surface.

--:: -
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1

10-1

10-2

~I~ 103

IC

10 4 x 103

2

-0025
10 0.015

106

10-7 10-6 105 104 163 10-2 161 I 10 102 103

PENETRATION MASS, M (GRAMS/CM2)

Figure 10.142. Values of F (M) for various radiation sources.

explosion at various altitudes. Since the that at low burst altitudes, up to about
electron density is proportional to the 20 miles, the ionization from prompt
energy yield, W, of the weapon, the radiation is relatively small except at
results for other yields can be readily short distances. At higher burst alti-
obtained from Fig. 10.143. In comput- tudes, not only does the electron density
ing M for this figure, the effects of a (at 40 miles altitude) for a given hori-
curved earth and a variable density scale zontal distance increase, but the range
height were included. The calculations for a given electron density, especially
show that below about 40 miles, ion- above 105 electrons/cm3, increases
ization due to neutrons predominates, markedly. These densities are sufficient
but for nuclear detonations at higher to cause blackout of HF systems that use
altitudes the X rays produce essentially the sky wave for long-distance propa-
all the additional electrons from prompt gation. However, it will be seen
ionization in the D-region. (§ 10.152) that the blackout would be of

10.144 It is seen from Fig. 10.143 relatively short duration.

-~- ~--~
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The curves in Fig. 10.143 show the Example:
initial electron densities at 40 miles al-
titude produced by the prompt radiation l!iven: A 500 K! detonation a.t an
from a I-megaton explosion as a func- altItude of (a) 20 mIles, (b) 60 mIles.

tion of distance, for various burst alti- Find: In each case, the horizontal
tudes. distance at an altitude of 40 miles at

Scaling. For any specified combi- which the initial electron density from
nation of burst height and distance, the prompt radiations is 105 electrons/cm3 or
initial electron density at 40 miles alti- more.
tudt: is directly proportional to the yield
in megatons, i.e., Solution: The corresponding elec-

tron density for I MT is
Ne(W) = WNe (1 MT), N (W) 105

N (1 MT) = ", = -
where N (1 MT) is the value of the e W 0,5e
initial electron density at 40 miles alti- = 2 x 105 electrons/cm3
tude and the desired distance from a 1
MT explosion at the desired altitude, .From Fig. 10.143, t~ pro~pt radia-
and N (W) is the corresponding initial tlon from a 1 MT explosIon will produce
electro'n density for W MT. initial electron densities of 2 x 105

electrons per cubic centimeter at an al-
titude of 40 miles

(a) to a horizontal range of about
190 miles, if burst is at an altitude of 20
miles. Answer.

(b) to a horizontal range of about
550 miles, if burst is at an altitude of 60
miles. Answer.
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RATE OF DISAPPEARANCE OF FREE where S, the detachment rate coeffi-
ELEcrRONS PRODUCED BY PROMPT cient, is related to the detachment
RADIATION source strength. In the daytime, S is

10 145 F I t d approximately 0.4 sec-1 above about 35
.ree e ec rons are remove .

.th b tt h t t t I rt . I miles altitude. Below about 35 mIles the
el er y a ac men 0 neu ra pa IC es ., .
( II I I . th 0 value of S IS uncertaIn but apparently It
usua y mo ecu ar oxygen In e -.

. ) b b. t.. th .is lower by several orders of magnitude.
regIon or y recom ma Ion WI poSI-. ., .
t.. Th I t I b At night, detachment IS neghglble at
Ive Ions. e e ec ron oss y recom-
b. t " t. I t th be altitudes less than about 50 miles.

Ina Ion IS propor lona 0 e num r ..
d .t ' f I t N d f .10.148 NegatIve Ions formed by at-

ensIles 0 e ec rons, ,an 0 POSI-
t "

N tl t ' tachment of electrons to molecular ox-
Ive Ions, +' so 1a ygen can also react wIth posItIve Ions to

~ = -N N (JO 145 I) form neutral molecules. Since the nega-
dt ad + , ., tive and positive ion densities affect the

electron density, the ion loss by recom-
where ad is the recombination coeffi- bination must be considered. The rate of
ci~nt. Be~ow an ~Ititude of about 60 positive ion loss by recombination with
mIles, ad IS approxImately 2 x 10-7 cm3 negative ions is proportional to the

sec-1 be d .. f b h . h.num r ensltles 0 ot Ions; t us,

10.146 Electron loss by attachment
to molecular oxygen is proportional to dN
the square of the atmospheric density ~ = aIN_N+ ' (10.148.1)

and the number density of electrons;
thus, where ai' usually known as the mutual

neutralization coefficient, is equal to
dNd = -~p2N, ' (10.146.1) about 3 x 10-8 cm3 sec-1 above 30

t miles. Below 30 miles, al is approxi-

where ~ is an attachment coefficient mately proportional to the atmospheric
approximately equal to 4 x 1013 cm6g-2 density and is 4 x 10-6 cm3 sec-1 at sea

sec-l. The quantity ~p2 is often called level.
the attachment rate coefficient, K; it
decreases from 6 x 107 sec-1 at .sea ELECTRON DENSmES FROM
level to about 2 x 10-3 sec-1 at 55 mIles PROMPT RADIATIONS
altitude.

10.147 After electrons are attached 10.149 The differential equations
to molecules to form negative ions, they describing the time history of electron
may become detached by solar radiation and ion densities do not have a closed-
or by collisional processes. The rate of form solution. However, a number of
free electron production by detachment approximations are available, and nu-
is proportional to the number density of merical solutions have been obtained
negative ions, N_, and the detachment with the aid of computers for particular
source strength, i.e., cases. An approximate solution, which
dN gives reasonable results for many con-
dt = SN- , (10.147.1) ditions, is the so-called "equal-alpha"

~~
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approximation. When ad is taken equal for times more than a few seconds after

to ai, the electron density, N,(t) , as a the burst in the daytime, and

function of time following a pulse of
prompt radiation, can be represented by N.(t) at 55 miles =

N.(O) cm-3 (nighttime)

-N.(O) I + 2 x 10-7 N.(O)t

N,(t) -I + aN (O)t (10.150.2),
-(K + S)t

S + Ke, (10.149.1) for nighttime conditions.

S + K 10.151 Calculations of the decay of

electron densities from ionization pro-

where N (0) is the initial electron den- duced by prompt radiations from a nu-,
sity, given by equation (10.142.1), a is clear detonation have been made with a

an effective recombination coefficient, computer using numerical solutions that

and t is the time after the burst. do not involve the equal-alpha approx-

10.150 Approximate values of a, imation. The results for daytime condi-

S, and K in centimeter-gram-second tions at a height of 40 miles are shown

units are given in Table 10.150 for an in Fig. 10.151; they are reasonably

altitude of 40 miles in the daytime and consistent with equation (10.150.1)

55 miles at night. These are the alti- provided the electron density is appre-

tudes, for day and night, respectively, at ciably larger than the normal value in

which maximum attenuation of electro- the ionosphere. Natural ionization

magnetic signals is to be expected sources must be considered when the

(§ 10.129). Upon inserting the appro- electron density resulting from prompt

priate values into equation (10.149.1), radiation has decayed to values compa-

the time history of electron density at rable to those normally existing at an

the altitude of maximum attenuation is altitude of 40 miles.

found to be 10.152 There are two aspects of

N ( ) 40 . 1 -I Fig. 10.151 that are of special interest.

tat mles-- 3 h h h '.. 1.First, It IS seen t at w en t e Imtla

N.(O) cm-3 (daytime) electron density, N,(O) , is greater than

I + 10-7N.(0)t 107 electrons/cm3, the electron density,

(10.150.1) N,(t) , at any time more than about I

Table 10.150

APPROXIMATE VALUES OF IX, S, and KIN CGS UNITS

40 Miles 55 Miles
Coefficient (daytime) (nighttime)

a 10-7 2 x 10-7
S 0.4 2 x 10-2
K 0.8 2 x 10-3
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The curves in Fig. 10.151 show the tude layer at a horizontal distance of 125
electron density from prompt radiation miles from the burst.
at 40 miles altitude in the daytime as a Solution: From Fig. 10.143, the
function of time after burst, for various initial electron density at a horizontal
values of the initial electron density. distance of 125 miles from a I MT
These curves together with those in Fig. explosion at an altitude of 30 miles is
10.143 can be used to estimate the about 5 x 1()6 electronslcm3. From Fig.
electron density at 40 miles altitude in 10.151, this initial value will have de-
the daytime for various combinations of cayed to about IOS electrons/cm3 by 30
explosion yields and burst altitudes. seconds after the burst. By use of equa-

tion (10.130.2), the attenuation is

Example: N 105A = 0.4 --z sec i = 0.4 -x 6
Given: A I MT explosion in the P IQ4

daytime at an altitude of 30 miles. = 24 decibels. Answer.

Find: The one-way attenuation of a Note: The attenuation determined
lOO-MHz radar system that would result above is due only to prompt radiation.
from D-region ionization at 30 seconds The effect of delayed radiation should
after the burst; the radar beam makes an also be investigated to estimate the
angle of 80 degrees (sec i = 6) with the overall effect on the system (§ 10.154 et

vertical and intersects the 40 mile alti- seq.).
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Figure 10.151. Decay of ionization from prompt radiation at 40 miles altitude in the
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second after the burst (in daytime) is fission products but including activity
independent of the initial value. This induc~d by neutrons in the weapon ma-
condition is referred to as a "saturated terial (§ 9.32), is represented by
atmosphere." It is to be expected from I = I I + 1)-12 (10 154 I)
equation (10.150.1), since when Ne(O) I 1 ( , ..

is more than 101 and 1 is at least a few where II is the rate of energy emission at
seconds, the quantity 10-7Ne(0)1 in the 1 seconds after the detonation and I, is
denominator of the equation is greater the value after I second.7 The total beta
than unity. Hence, the latter can be and gamma energy emitted is obtained
neglected and equation (10.150.1) re- (approximately) by integrating between
duces to zero time and infinity; thus,

N (I) = I cm-3 Total energy
e 3 x 10-71 ' f oo = I I + 1 -1.2dl = 51

so that the electron density at time 1 is I () I .

independent of the initial value. 0

10.153 The other matter of interest The fraction of the delayed radiation
is that, regardless of the initial value, energy emited per second at time 1 is
the electron density in the daytime will then
have decreased to 103 electrons/cm3
within an hour (or so). This fact is
apparent from Fig. 10.151 or it can be 1,(1 + 1)-1.2 = 0.2 (I + 1)-12 .

derived from equation (10.150.1). It 511
follows, therefore, that significant deg-
radation of HF or radar systems as the 10.155 About 7 percent of the fis-
result of ionization by prompt radiation sion explosion energy is radiated as de-
will not persist for more than an hour or layed beta particles and gamma rays,
so in the daytime. At night, decay is with approximately half carried by each
faster, as is apparent from equation kind of radiation. Hence, for an explo-
(10.150.2), and effects on electromag- sion of W F kilotons fission yield,
netic waves of the prompt radiations can roughly 0.007 (I + 1)-12 W F kilotons of
usually be neglected. As will be seen energy per second are radiated by beta
later, the effects of the delayed radiation particles and the same amount by
may persist for longer times. gamma rays.

10.156 The rate of production of
RATE OF ELECfRON PRODUCTION ion pairs (and hence of electrons) by
BY DELAYED RADIA nONS delayed gamma rays can be estimated

from an expression similar to that used
10.154 The rate of energy emission to determine the electron density arising

as delayed (beta and gamma) radiation from the prompt radiation. Thus, if kW
from the radioactive residues of a nu- in equation (10.142.1) is replaced by
clear explosion, consisting mainly of 0.007 (I + 1)-12WF, the result, assum-

'For times that are long in comparison with 1 second, equation (10.154.1) reduces to the same form as
equation (9.147.1).

-
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ing a point source for the gamma rays the replacement of the area 411 D2 in

(cf. § 10.138), is equation (10.156.1) by 2A in equation

(10.157.1) and sin <p is required because
q (I) = I 7 X 1016 ..

-y' of the motion of the beta particles along

WF p(H)F(M) cm-3 sec-1 the field lines. The function F(M) is
D2(1 + I) 1.2 ' evaluated from Fig. 10.142 for

(10.156.1)

I f Ho M = -h dh
where q-y(I) cm-3sec-1 is the electron sin <p p ( )

production rate at time t seconds after H

the nuclear detonation, as observed at a = 6.8 x 10spo

slant distance D miles at an altitude of H sin <p

miles (see Fig. 10.140). The function ( I H I )F(M) can be obtained from Fig. 10.142 e-R 4.3 -e- 0 4.3 g cm-2 ,

with M defined by an equation similar to

equation (10.140.1), except that the (10.157.2)

detonation altitude Ho is replaced by the where Ho is the debris altitude in miles;

debris altitude Ho. in this expression the curvature of the

10.157 The radial motion of the earth is neglected.

beta particles is largely prevented by the 10.158 In order to use equations

geomagnetic field lines. The area of the (10.156.1) and (10.157.1) it is neces-

D-region at an altitude of 40 miles sary to know the altitude, Ho' and ra-

where the beta ionization occurs is then dius, R, of the weapon debris. Deter-

approximately the same as the area of mination of these quantities requires an

the debris (Fig. 10.47). If the latter rises understanding of the processes taking

above 40 miles, roughly half of the place as the debris cloud rises and

energy is deposited in the local D-region spreads horizontally. The actual proc-

and half at the magnetic conjugate. The esses are very complex, but a simple

total area over which the beta-particle model which parallels the gross features

energy is deposited is thus twice the of the debris motion has been devel-

debris area. If the debris is assumed to oped. The debris height and radius, as

be uniformly distributed over an area A, they change with time, for various burst

which may be taken to be 11R2, where R altitudes as obtained from this model are

is the debris radius, the electron pro- shown in Figs. 10.158a, b, and c, for

duction rate from ionization due to beta energy yields of 10 and 100 kilotons and

particles in each D-region is then I megaton, respectively. For interpola-

W lion between these yields, W/3 scaling

q~(I) = 2.1 X 1017 2A(1 +"1)12sin <p m~y be used, at least for. the first few

minutes after the explosion. The ex-
p (H)F(M) cm-3 sec-1 , treme left-hand end of each curve indi-

(10.157.1) cates the altitude of the explosion and

where <p is the local magnetic dip angle the initial size of the fireball. It should

and A is in square miles. The change in be noted that when using Figs. 10.158a,

the numerical factor (by 411) arises from b, and c that W is the total energy yield
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Figure lO.l58a. Fireball/debris altitude and horizontal radius for to-kiloton explosions at
various altitudes.

of the explosion. For thermonuclear delayed beta particles and gamma rays,
weapons, the fission yield W F in equa- respectively, were obtained in this gen-
tions (10.156.1) and (10.157.1) is gen- eral manner for an altitude of 40 miles,
erally taken to be half of the total yield. where maximum attenuation of electro-

magnetic signals due to ionization from
ELEcrRON DENSmES FROM delayed radiations occurs both during
DELAYED RADIAll0NS day and night. In computing the curves,

an accurate treatment for the energy
10.159 The actual electron density, spectra of the radiations was used to

N,(t) , arising from the delayed radia- evaluate the rate of formation of elec-
tions at a particular location and time trons; removal rates were calculated
can be calculated by assuming that, along the lines indicated in § 10.145 et
soon after the detonation, a transient seq., with detailed consideration of all
steady state exists at any instant. The important loss mechanisms. The values
value of N,(t) is then obtained by shown in Fig. IO.I59a were computed
equating q~(t) or qy(t) at any time tto the for a magnetic dip angle of 60°; how--
rate of loss of electrons by various re- ever, they provide reasonable estimates
combination and attachment processes. for dip angles between about 45° ~d
The curves in Figs. IO.I59a and b, for 75°, i.e., for mid-latitudes.

(Text continued on page 5//
).:?g~" 
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Figure IO.158b. Fireball/debris altitude and horizontal radius for lOO-kiloton explosions at
various altitudes.

1000

500

200

100

In...
= 50
!
'"
0
'" 20..
5
c

10

5

2

I
0.1 0.2 OS I 2 5 10 20

RADIUS (MILES)

Figure IO.158c. Fireball/debris altitude and horizontal radius for I-megaton explosions at
various altitudes.

!~~~"



TECHNICAL ASPECTS OF RADIO AND RADAR EFFECTS 507

1000

500

200

-100
III'"
oJ
-50~
'"
0

~ 20

S
c 10

5

2

1
0.1 0.2 0.5 I 2 5 10 1000

RAOIUS (MILES)

Figure IO.158b. Fireball/debris altitude and horizontal radius for lOO-kiloton explosions at
various altitudes.

1000

~oo

200

100
III

~ ~O
~
'"
0
~ 20..
5
4

10

~

2

I
0.10.20:' I 2 ~ I

RADIUS (MILES)

Figure IO.158c. Fireball/debris altitude and horizontal radius for I-megaton explosions at
various altitudes.

-



-;'" -~

508 RADIO AND RADAR EFFECTS .""

The curves in Figs. 10.159a and b (a) Interpolation of Fig. 10.158c
show the electron densities at 40 miles suggests that by 5 minutes the debris
altitude due to beta particles (for debris will have reached an altitude (H) of
above 40 miles) and delayed gamma about 60 miles, with a horizontal radius
rays (for debris above 15 miles), re- of about 30 miles. Since the beta par-
spectively. Only the attenuation result- ticles follow the geomagnetic field lines,
ing from the highest electron density, the ionization they cause at an altitude
which may arise from prompt radiations of 40 miles (1:1) will be centered about a
(Figs. 10.143 and 10.151), delayed point that is displaced a distance dhori-
gamma radiation, or beta particles, need zontally from the center of the debris,
be considered. The densities, and hence where d is given (approximately) by
the attenuations, cannot be addded di-

d (H H )= -tan<p=
rectly. Figures 10.158a through c may (60 - 40) d 600 = 35 .1be d .

h .. d .tan ml es.
use to estImate t e posItion an sIze

of the debris for use with Figs. 10.159a The radial extent of the ionized region
and b. The curves of Fig. 10.159a (for will be approximately equal to the
beta particles) are for a magnetic dip debris radius (30 miles). Thus, at 5
angle of 60°, but they provide reason- minutes after the explosion beta ioniza-
able estimates for dip angles between tion will not affect a point that is located
about 45° and 75°. The possible effect of at a horizontal distance of 250 miles
the earth's curvature on Fig. 10.159b from the burst. Hence, at this time only
(gamma rays) is obtained from Fig. the ionization caused by delayed gamma
10.162. rays need be considered.

E I The distance D from the debris to thexamp e: point of interest is about 250 miles and

Given: A I MT explosion during the the time is 300 seconds. Since the total
night at an altitude of 25 miles and a yield is I MT, the fission yield, W F'
location in the northern hemisphere may be taken to be 500 kilotons; hence,
where the magnetic dip angle is 60°.

W 500Find: The electron density in the D- [}l(I.~ t)12 = (250)2 (301)1.2

region at a horizontal distance of 250
miles north of the burst point (a) 5 = 8 X 10-6
minutes after the explosion, and (b) 2
hours after the explosion. The debris altitude (60 miles) and the

S I . S h .horizontal distance (250 miles) are such
0 utlon: mce It IS DIg ttlme, any h h d... R .

I ft at t e con Itlons are m eglon 0prompt IonIzatIon will have dIed away F. 10 162 h t F. 10 159b .h . f . d Ig.., so t a Ig.. IS
by t e times 0 Interest an can be I. bl Th I t d .t d tneglected (§ 10.153). app Ica e. e e ec ron ens I y ue 0

?

--t
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delayed gamma rays is then found to be W" = 500
103 electrons/cm3. Answer. A(l + t)I.2 '1T(250)2 (7201)1.2

(b) At 2 hours after the explosion, the = 6 x 10-s

debris will still be at an altitude of about
60 miles, but interpolation of Fig. The electron density due to beta parti-
10.158c suggests that it will have spread cles is found from Fig. 10.159a to be
to a radius of about 250 miles. Since the about 2 x 103 electrons/cm3. The elec-
center of the beta ionization will be tron density from the delayed gamma
displaced about 35 miles farther north, rays was estimated above to be 103
the point of interest will be contained electrons/cm3 at 5 minutes after the ex-
within the beta ionized region.s At that plosion, and so it will be much less at 2
time, i.e., t = 7200 sec, hours. Hence, the ionization due to the

gamma rays can be neglected. Answer.

'It is assumed that the debris expands uniformly about a stationary center once it has ceased to rise.
Motion of the debris caused by atmospheric winds introduces many uncertainlies in the prediction of
ionization at times more than a few minutes after the burst.
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10.160 The curves in Fig. 10.159a the gamma rays will be largely ab-
for the electron density resulting from sorbed. For the conditions in Region I
ionization by delayed beta particles are of Fig. 10.162, the straight line from the
based on the assumption that the debris debris (center) to the observation point
has risen above 40 miles. The particle at 40 miles ~titude does not intersect the
energy is then equally distributed be- stopping altitude for gamma rays, and
tween the local D-region and the one at the electron densities in Fig. 10.159b
the magnetic conjugate. The electron are applicable. But in Region 2, most of
densities given in the figure are those to the rays will intersect a volume of air
be expected at the 40-mile altitude in below the stopping altitude before
each region. If the debris is below 35 reaching the point of interest. As a result
miles, the delayed beta particles cause of the gamma-ray absorption, the elec-
essentially no ionization in the D-region tron densities will be substantially
(§ 10.45); at altitudes of 35 through 40 below those given in Fig. 10.159b. In
miles, the ionization in this region is the intermediate (unshaded) region of
intense, but the electron densities are Fig. 10.162, part but not all of the
difficult to calculate. Because beta par- gamma rays will encounter the stopping
ticles follow the geomagnetic field lines, altitude and the electron densities will
the ionization they produce at any alti- be somewhat lower than in Fig.
tude is not affected by the earth's cur- 10.159b. When using this figure to de-
vature. Gamma rays, on the other hand, termine the expected effects of a nuclear
travel in straight lines and may be so explosion on a radar system, for exam-
affected (§ 10.162). pie, a conservative approach would be

10.161 The stopping altitude for the to assume that the unshaded portion in
delayed gamma rays is about 15 miles; Fig. 10.162 is part of Region 1 for the
hence, the results in Fig. 10.159b are user's radar, but that it is part of Region
applicable only if the debris rises above 2 for the opponent's radar.
this altitude. The principal source of 10.163 As for prompt radiations (§
error in the figure is that the gamma rays 10.149 et seq.), an approximate solution
are assumed to originate from a point to the problem of calculating electron
source at the center of the debris cloud. densities arising from the delayed radi-
Since the atmospheric absorption of ations, which is consistent with Figs.
gamma rays is negligible above the 10 .159a and b, can be obtained by using
stopping altitude, the straight-line path the equal alpha approximation to deter-
from the debris to the point of interest in mine the loss rate at any instant. The
the D-region (40 miles altitude) can lie result can be written in the form
in any direction, provided it does not V (t)
pass through the stopping altitude. N,(t) = W .

10.162 As a consequence of the S + vaq-(t)
curvature of the earth, the path of the S + K + y/'(iq(t) cm -3 ,
gamma rays, for sufficiently large dis- q (10.163.1)

tances, may intersect the stopping alti-
tude, even when the debris rises above where q(t) is either the value for beta
15 miles. If this occurs, the energy of particles from equation (10.157.1), or

,
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Figure 10.162. Effect of earth's curvature on delayed gamma-ray ionization at 40 miles
altitude.

for gamma rays from equation 10.164 For electron production
(10.156.1); the coefficients a, S, and K rates less than 106 electrons Cm-3 sec-l,
have the same significance as before. By equation (10.163.1), with the values of
using the appropriate values of these a, S, and K given in Table 10.150 for
coefficients for different altitudes, it has an altitude of 40 miles in the daytime,
been found that the electron densities reduces to
peak around an altitude of 40 miles for
both daytime and nighttime conditions N,(t) at 40 miles
for slant distances more than 30 miles = 103 V q(t) cm -3 (daytime).

from the burst point. This is also the
altitude for the maximum attenuation of At night, the values of a, S, and K at an
electromagnetic signals by the ioniza- altitude of 40 miles are 3 x 10-8,0, and
tion from delayed radiations (§ 10.159). 0.8, respectively, and then
For smaller distances from the burst
point, the electron density peaks near N,(t) at 40 miles
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for production rates less than about 106 for both daytime and nighttime. This
electrons cm-3 sec-l. For production result is consistent with Figs. 10.159a
rates of about 107 (or more) electrons and b, in which the curves for day and
cm-3 sec-I, the electron density at 40 night coincide when the circumstances
miles is given approximately by are such as to lead to high electron

.densities. The conditions of applicabil-
N.(t) at 40 miles ity of these figures, as described in

= 3 x 103 V q(t) cm-3 , § 10.160 et seq., also apply to the ex-
pressions given above.
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