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Abstract In this study, we investigated the motion, shape,

and delayed radiation intensity of a radioactive cloud by

establishing a volume-source model of delayed radiation

after high-altitude nuclear explosions. Then, the spatial

distribution of electron number density at different

moments on the north side of the explosion point generated

by delayed c-rays and delayed b-rays from the radioactive

cloud under the influence of the geomagnetic field was

calculated by solving chemical reaction kinetics equations.

The impact of radio communication in the different fre-

quency bands on the process of atmospheric ionization was

also studied. The numerical results of the high-altitude

nuclear explosion (120 km high and with a 1 megaton

equivalent at 40� N latitude) indicated that the peak of

electron number density ionized delayed c-rays is located
at a height of approximately 100 km and that of electron

number density ionized delayed b-rays is about 90 km

high. After 1 min of explosion, the radio communication in

the medium frequency (MF) and high-frequency (HF)

bands was completely interrupted, and the energy attenu-

ation of the radio wave in the very high-frequency (VHF)

band was extremely high. Five minutes later, the VHF

radio communication was basically restored, but the energy

attenuation in the HF band was still high. After 30 min, the

VHF radio communication returned to normal, but its

influence on the HF and MF radio communication

continued.

Keywords High-altitude nuclear explosions � Delayed
radiation � Ionization effect � Radio communication

1 Introduction

Nuclear explosions can be divided into underground,

ground, airborne, and high-altitude nuclear explosions

depending on the altitudes of their burst points. The dif-

ference in the height of the explosions leads to different

explosion effects and damage factors [1]. High-altitude

nuclear explosions are nuclear explosions that occur at a

burst point higher than 30 km, which mainly radiate energy

through X-rays, c-rays, b-rays, and neutrons [2]. Because

of the lower density of the atmosphere at high altitudes, the

radiation generated from nuclear explosions can ionize the

atmosphere in the range of thousands of kilometers, pro-

ducing plasma to change the electromagnetic characteris-

tics of the ionosphere, which could influence

electromagnetic wave propagation. During 1958 to 1962,

more than 10 high-altitude nuclear tests were conducted by

the USA and U.S.S.R., which seriously affected the ion-

ization layer and radio communication [3–6].

The ionization effects fall into two general categories:

prompt ionization effects and delayed ionization effects.

The prompt ionization sources are instantaneous point

sources, including X-rays, prompt c-rays, and neutrons,

whereas delayed ionization sources are mainly continuous

volume sources, such as delayed c-rays and b-rays [7].

Although the effects of prompt ionization are strong, its
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duration is short (less than 10 ls), thus leading to no lasting
impact on atmospheric ionization. However, the debris

cloud formed after the high-altitude nuclear explosion

could spread to thousands of kilometers and last for a

considerable time, thus continuously affecting electro-

magnetic wave propagation and radio communication [8].

The process of the atmosphere ionized by delayed radiation

can be divided into the following stages. The debris cloud

formed after nuclear explosion spreads and rises, while the

fissile fragments in the debris cloud continue to release

delayed c-rays and delayed b-rays. Then, the delayed c-
rays interact with atoms or molecules in the atmosphere,

undergoing the photoelectric effect, Compton scattering,

and electron pair effect, and generating high-energy elec-

trons. This process is called the primary ionization process.

High-energy electrons and delayed b-rays undergo the

collision ionization effect with atoms or molecules under

the influence of the geomagnetic field and produce low-

energy electrons. This is called the secondary ionization

process. These low-energy electrons get attached to other

atoms or molecules to form negative ions, and then, the

low-energy electrons or negative ions complex with posi-

tive ions. This attachment and compounding process is

called the chemical reaction kinetics process. The propa-

gation of electromagnetic waves in the atmospheric plasma

generated from these processes could drive the movement

of electrons toward energy loss and thus affect radio

communication [9].

The structure, composition, and temperature of atmo-

sphere are different at different altitudes, so the interaction

processes between radiation and the atmosphere and the

generation and consumption of electrons also vary. Obvi-

ously, the processes are very complicated, which poses a

considerable challenge to modeling. In this study, a

delayed radiation volume-source model was established to

simulate the movement and evolution of the debris cloud

first. Then, a model based on chemical kinetics equations

[10] was set up to reveal details of the primary ionization

processes, secondary ionization processes, and chemical

reaction kinetics processes in the atmosphere. Lastly, the

energy attenuation of different frequency bands of radio

communication in the atmospheric plasma was calculated

using Wentzel–Kramers–Brillouin (WKB) approximation

[11].

2 Analytic model

The debris cloud formed after high-altitude nuclear

explosions contains numerous fission fragments, which

could spread to thousands of kilometers and continuously

radiate delayed c-rays and b-rays. Although the dose rate

of delayed radiation is not as high as that of instantaneous

radiation, the radiation can generate additional ionization

of the ionosphere, thus affecting radio communication.

2.1 Delayed radiation volume-source model

After high-altitude nuclear explosions, the debris cloud

spreads out and rises driven by a considerable share of

energy. The cloud expands rapidly at the beginning and

then engulfs the atmosphere. When the mass of the cloud is

large enough, the driving process ends and the cloud is

translated into diffusion with constant speed. Then, the

cloud starts to gradually dilute. As mentioned above, there

are some differences in the properties of the atmosphere at

different altitudes, so the speed of diffusion is not the same

in all directions. In general, the density of the atmosphere

decays exponentially as altitude increases, so the cloud

diffuses rapidly upward but slowly downward in the ver-

tical direction. In the horizontal direction, the density of the

atmosphere basically remains constant, so the debris cloud

spreads out symmetrically. Therefore, the debris cloud is

approximately inverted pear-shaped [12]. As the cloud

spreads outward, its mass and geometric center also rise.

The X-rays released at the beginning of the nuclear

explosion heat the air to produce energy deposition below

the explosion point. The buoyancy caused by the increase

in the atmospheric temperature is greater than the gravity

of the debris cloud itself, which leads to the rise of the

debris cloud. The equations of motion for the diffusion and

rise of the debris cloud are as follows

qðrÞ dvi
dt

¼ �rp� vi4pR
2 dR

dt
qhn

qðrÞ
M

; ð1Þ

M
d2h

dt2
¼ �

Z
p cos hdr�Mg; ð2Þ

where R is the radius, h is the central height of the debris

cloud, qh is the atmospheric density of the explosion point,

M is the total mass of the debris cloud, q(r) is the density

distribution in the debris cloud, r is the radius vector of one

point in the debris cloud, ph is the atmospheric pressure,

v is the diffusion velocity, n is the probability of atmo-

spheric molecules being involved, dr is the surface element

of the debris cloud, and h is the angle between the normal

of the panel and the vertical direction. The first term on the

right side of Eq. (1) represents the pressure difference

between the inside and outside of the debris cloud, and the

second term represents the change in momentum caused by

mass addition. The first item on the right side of Eq. (2) is

the pressure difference between the upper and lower sur-

faces of the debris cloud, and the second term is the gravity

of the debris cloud. As shown in Fig. 1, this model is used

to calculate the horizontal diffusion radius of the debris

cloud under the experimental parameters of ‘‘teak,’’ and the
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theoretical calculation results agree well with the experi-

mental values.

2.2 Delayed radiation ionization model

After 10 ls of the nuclear explosion, the delayed c-rays
begin to radiate. For the fission bomb, the radioactive

intensity A(t) (Ci) of c-rays changing with time is given as

AðtÞ ¼ b� 1010Q
1

tn
; ð3Þ

where Q is the fission equivalent (kt), the value of b is

between 4 and 8, and the value of n is related to t (min).

When the value of t is less than 30 min, the value of n is

0.89. When the value of t is between 30 and 1440 min, the

value of n is 1.11. When the value of t is greater than

30 min, the value of n is 1.26. For the same equivalent

nuclear explosion, the radioactive intensity of delayed b-
rays is 1.2–2.5 times larger than that of the delayed c-rays,
but the variation law of intensity with time is the same. The

energy spectrum of the delayed c-rays and b-rays can be

obtained from a previous study [13].

The c-rays emitted from fission fragments in the

radioactive cloud undergo the photoelectric effect, Comp-

ton scattering, and electron pair effect with molecules or

atoms in the atmosphere, generating high-energy electrons.

Because the energy of c-rays is not very high, the electron

pair effect can be ignored. Simultaneously, the debris cloud

keeps on releasing high-energy b-rays. These b-rays and

high-energy electrons generated from reactions between c-
rays and particles in the atmosphere move spirally along

the magnetic line of force in the geomagnetic field,

undergoing the collision ionization effect with air particles

in the zone of electron motion to consume themselves and

generate secondary low-energy electrons. The geomagnetic

field can be described by the magnetic dipole field as

BðhÞ
B0

¼ 1

ð1þ h=REÞ3
; ð4Þ

where RE is the radius of the earth, and B0 is the geo-

magnetic field intensity at 80 km, generally taken as 0.5

Gs. The gyration radius rg of the high-energy electrons can

be obtained from the following equation:

FL ¼ fme

v2e
rg
; ð5Þ

where FL is the Lorentz force, f is the relativity factor, and

me and ve are the mass and velocity of the electron,

respectively. Then, the ionization of the atmosphere near

the magnetic field line can be obtained under the action of

the Lorentz force.

As mentioned above, the process of photoelectric effect

and Compton scattering between the c-rays and air parti-

cles only produce high-energy electrons, and these high-

energy electrons and b-rays undergo collision ionization

with air particles to consume high-energy electrons.

Therefore, the total generation rate of high-energy elec-

trons could be written as

dneH

dt
¼ fcomðneHÞ þ fphoðneHÞ þ fcolðneHÞ; ð6Þ

where neH is the number density of high-energy electrons,

fcom denotes the Compton scattering effect, fpho denotes the

photoelectric effect, and fcol denotes the consumption of

high-energy electrons during secondary collision ionization

processes. The Compton scattering process, the photo-

electric effect process, and the secondary collision ioniza-

tion process can all be considered two-body reactions [14].

The contribution to the generation of high-energy electrons

of the three processes and parameters can be obtained from

previous studies [11, 15–17].

The atmosphere ionized by delayed c-rays and b-rays
will produce a large number of low-energy electrons and

ions. There are two processes for the loss of low-energy

electrons. In one process, low-energy electrons complex

with positive ions in the air directly, while in the other

process, low-energy electrons attach to atoms or molecules

to form negative ions, leading to a complex reaction with

positive ions [18]. The atmosphere ionized by delayed c-
rays produces numerous low-energy electrons and ions.

Considering 36 components and 229 reaction equations,

the chemical reaction kinetics processes are very complex,

including neutral particles (O, O2, O3, N, N2, NO, NO2,

CO2, H2O, H, H2, OH, and He), negative ions (e, O-, O2
-,

O3
-, O4

-, CO3
-, CO4

-, O2
-�H2O, CO3

-�H2O, and

CO4
-�H2O), and positive ions (O?, O2

?, N2
?, N4

?, NO?,

O4
?, H2O

?, H3O
?, H?, He?, O2

?�H2O, H3O
?�OH, and

H3O
?�H2O). Therefore, the total change rate of low-energy

electrons could be written as

Fig. 1 Change of horizontal diffusion radius with time
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dneL
dt

¼ fchemL n1; n1; . . .; n36ð Þ � 2fcol neHð Þ; ð7Þ

fchemL ¼
X36
j¼1

X36
m¼1

ejmkjmnjnm; ð8Þ

where fchemL is the term of chemical reaction kinetics, ejm is

the generation consumption factor, kjm is the reaction

coefficient, and nj and nm are the number density of par-

ticles involved in chemical reactions. Because one high-

energy electron can generate two low-energy electrons

after collision ionization, the second term on the right of

Eq. (7) is twice as much as consumption of high-energy

electrons.

2.3 Attenuation of radio waves model

When electromagnetic waves are propagated in plasma,

they will drive electrons to vibrate. The electrons collide

with other particles to transmit energy, so that the elec-

tromagnetic waves generate energy attenuation. For non-

magnetized cold collision plasma, the relative dielectric

constant er and propagation constant k are, respectively,

er ¼ n2 ¼ 1�
x2

p

x2 þ t2
� j

t
x

x2
p

x2 þ t2
; ð9Þ

k ¼ k0
ffiffiffiffi
er

p ¼ kr þ jki; ð10Þ

where n is the refractive index of the medium, x is the

incident angular frequency of the electromagnetic waves, t
is the collision frequency of the electrons with other par-

ticles, xp is the angular frequency of plasma collision, k0 is

the wavenumber in vacuum, kr is the attenuation constant,

and ki is the phase constant. When the electromagnetic

wave frequency is less than the plasma frequency, the

electromagnetic wave is cut off. When it is greater than the

plasma frequency, under the WKB approximation [19], the

one-way energy attenuation Att (dB) of electromagnetic

waves is given by

Att ¼ 10 lg
Ph

Ph0

����
���� ¼ 8:69 Im

Z h

h0

kdh

� �����
����; ð11Þ

where Ph and Ph0 are the energy of electromagnetic waves

at a height of h km and h0 km, respectively.

3 Results and discussion

After high-altitude nuclear explosions, low-energy

electrons in the atmosphere are divided into the production

process, continuous process, and consumption process.

Because of the persistence of delayed radiation ionization,

electrons are continuously produced. For the high-altitude

nuclear explosions at an explosion height of more than

80 km, the laws of delayed radiation ionization are similar

in many aspects, such as the change of energy deposition

with height and the effect on radio communication.

Therefore, a 120-km-high nuclear explosion with a 1-Mt

explosion equivalent was selected as the research object to

perform numerical simulations. We assumed that the

explosion point is located at around 40� N, where the

magnetic inclination of the geomagnetic field is 60�.

3.1 Distribution of electron density generated

by delayed radiation ionization

As shown in Fig. 2, the distributions of electron number

density at different moments after nuclear explosion are

given. The solid lines represent the ionization caused by

the delayed c-rays, the dotted lines represent the ionization

caused by the delayed b-rays, and the dots of different

shapes represent the electron densities at different hori-

zontal distances (100, 200, 500, and 1000 km) from the

burst point following Earth’s surface curvature.

After 1 min of nuclear explosion, the peak value of

electron density generated by delayed ionization of c-rays
is located at a height of 100 km and the peak electron

number density reaches 1 9 107 cm-3 at a radius of

100 km, which is higher by about three orders of magni-

tude than the background electron number density. As the

horizontal distance increases, the electron number density

gradually decreases. The peak electron number density at a

horizontal distance of 1000 km is 1 9 106 cm-3. How-

ever, the delayed b-rays only act on the atmospheric ion-

ization within 200 km on the north side of the explosion

point after 1 min of the nuclear explosion. The electron

density of ionized delayed b-rays 100 km away from the

north side of the explosion point is about 2 9 106 cm-3,

which is higher by one order of magnitude than the back-

ground electron density but lower by one order of magni-

tude than the electron density generated by delayed c-rays.
After 5 min, the ionization range of the delayed b-rays

extends to a horizontal distance of more than 1000 km, and

the height of peak electron number density appears

between 80 and 90 km. The main ionization that affected

the height of delayed b-rays is located from 70 to 120 km.

After 10 min, the peak electron number density generated

by delayed c-rays located at a horizontal distance of

100 km and at 100 km height is about 2 9 105 cm-3,

which is an order higher than the background atmospheric

electron density. After 30 min of explosion, the ionization

effect of delayed c-ray starts to gradually weaken. At this

time, the ionization effect of delayed b-rays becomes

dominant, and the height of peak electron density is about

90 km. The electron number density is nearly well
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distributed with the horizontal distance below a height of

100 km.

Figure 3 shows the spatial distribution of the electron

number density generated by the total atmospheric ion-

ization of delayed radiation on the north side of the

explosion point at different moments after high-altitude

nuclear explosions. The abscissa is the horizontal radius,

and the ordinate is the vertical height. Because the density

of the atmosphere near the explosion point is low, the

spatial distribution center of the electron density caused by

delayed radiation is located at a height of 90 km. As time

progresses, the electron number density decreases. After

100 min, the electronic number density is 5 9 104 cm-3

and no more than 1 9 105 cm-3.

3.2 Attenuation of radio waves by delayed radiation

When the electromagnetic wave frequency is greater

than the plasma frequency, the electromagnetic wave can

propagate in the plasma, and energy attenuation is noted in

the process of propagation. When the electron number

density is high enough, the incident electromagnetic wave

frequency is lower than the plasma frequency. At this

moment, the electromagnetic wave is in the off state and

cannot propagate in plasma to produce reflection. The

energy attenuation of radio wave decreases as the fre-

quency increases. When the frequency of radio wave is

low, radio communication is completely interrupted.

Figure 4 shows the effect of additional ionization gen-

erated by the delayed radiation on the high-frequency (HF)

and very high-frequency (VHF) radio propagation after

1 min of the 120-km-high nuclear explosion with a 1 Mt

explosion equivalent. In the range of 1000 km, the com-

munication in the medium frequency (MF) band is com-

pletely interrupted, and the radio between 10 and 30 MHz

is affected. The one-way energy attenuation of the radio

wave with 25 MHz reaches 100 decibels at a horizontal

distance of 100 km. The range of the effect of delayed

radiation on the VHF radio communication is mainly

within 200 km, and the attenuation of 120 MHz radio is

about 10 decibels at a horizontal distance of 200 km.

Fig. 2 (Color online) Number density of electrons generated by delayed c-rays (solid line) and b-rays (dotted line) from a nuclear explosion at a

120 km explosion height and 1 Mt explosion equivalent at a 1 min, b 5 min, c 10 min, and d 30 min
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Figure 5 shows the energy attenuation of radio in some

bands at some special moments. The radio communication

energy attenuation in the VHF band reduces after 5 min,

and a part of frequency communication is basically

restored. The radio communication in the MF and HF band

is still seriously affected, and the energy attenuation in the

range of 500 km is higher than 10 decibels. Ten minutes

later, the attenuation in the VHF band appears to be largely

unaffected. The radio communication in the HF band is

restored after 100 min.

4 Conclusion

In summary, to study the effect of additional ionization

generated by delayed radiation in the atmospheric iono-

sphere on radio communication after high-altitude nuclear

Fig. 3 (Color online) Distribution of electron number density on the north side of the 120-km high and 1-Mt equivalent nuclear explosion point

Fig. 4 (Color online) Energy attenuation of radio caused by delayed

radiation from nuclear explosion
Fig. 5 (Color online) Energy attenuation of radio caused by delayed

radiation from nuclear explosion
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explosions, we built models in three stages. First, a

delayed radiation volume-source model was established to

simulate the diffusion and rise process of the debris cloud.

Second, the electron number density generated by Comp-

ton scattering and the photoelectric effect between c-pho-
tons and molecules or atoms in the atmosphere was

calculated based on chemical kinetics equations. Further-

more, considering the geomagnetic field, the electron

number density generated by the energy deposition of b-
rays in the atmosphere on the north side of the explosion

zone was also calculated. Third, the attenuation of the MF,

HF, and VHF radio waves was estimated using WKB

approximation, which provides references for the affected

time and range of radio communication after high-altitude

nuclear explosions.

The numerical results of the high-altitude nuclear

explosions (120 km high and 1 Mt equivalent) 40� N show

that the peak height of electron density generated by

delayed c-ray ionization is between 90 km and 100 km,

and the peak value of the electron number density gener-

ated by b-ray ionization is located at around 90 km.

Delayed radiation ionization lasts for a long time. The

delayed c-ray ionization dominated 10 min after the

explosion. After 30 min, the ionization effect of the

delayed b-rays exceeded that of the delayed c-rays. One
min after the explosion, the MF and HF radio communi-

cation were completely interrupted, and the VHF band

radio wave attenuation was extremely high. After 10 min,

the radio communication in VHF band was basically

restored, whereas the energy attenuation of waves in the

HF band was high. After 30 min, the radio communication

in the VHF band returned to its normal state, but the

attenuation of communication in the HF band was high.
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