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4-1 Production of X-Rays -

N-rays are electromagnetic radiations of
frcquencies from about 10' 6 Hz* to about 10°°
Hz. overlupping ultraviolet radiation at the low
frequency end of the spectrum and gamma rays

kinh end (see Figure 4-1). The wave-

lengths o+ the radiations are given by
A= c¢/v cm,

where v is the frequency in Hz. and ¢ is the

velocity of light (3x10'% ¢cm per sec). X-rays

exhibit particle-like properties as well as wave-

like properties. and are absorbed or emitted in

quanta. or photons. of energy

E = hv ergs.

where /1 is Planck’s
sec). This energy
aoocicwron-volts (keV).v Figure 4-2
ray wavelength and frequency as a function of
photon energy. The more energetic X-rays of
higher frequency are commonly known as
“hard™ X-rays. and the less energetic ones are

correspondingly “‘soft.”

‘ The distinction between X-rays and
other electromagnetic radiations is not made in
terms of their respective frequencies but in
terms of their method of production. Gamma
ravs. for instance, are those photons produced as
a result of nuclear forces, whereas production of
X-rays is associated with electromagnetic forces
acting on electrons. Two basic physical mech-

constant (6.625x1027 erg-
is ordinarily expressed in
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shows X-

anisms are principally responsible for X-ray pro-
duction; the corresponding emissions are brems-
strahlung (braking radiation) and the character-
istic radiation.

Bremsstrahlung is a result principally of
inelastic (or radiative) scattering of fast electrons
by atoms. If a beam of monoenergetic electrons
impinges on a thick target, a spectrum of X-rays
is produced with maximum energy equal to that
of the electrons and a spectral distribution that
depends on the atomic number, Z, of the target.

The spectrum of X-rays from- such an
experiment will contain (in addition to the
bremsstrahlung spectrum) a number of intense.
fairly sharp spectral lines. These lines are charac-
teristic of the material being bombarded and
result from X-rays that are emitted when the
atomic electrons rearrange themselves into states
of lower energy after one or more electrons have .
been knocked out of the atom by the bombard-
ing electrons. Since the atomic electrons must be
in one of a number of discrete energy stages.
transitions between the states are accomplished
by emissions of photons of discrete energies. If
the initial beam has sufficient energy to remove

‘the most tightly bound (K-shell) electrons from

the atom. all possible transitions between states
will result in X-rays and all of the characteristic
spectral lines will be seen. At slightly lower in-
cident beam energies. the K X-ray lines will dis-
appear but the other lines will still be observed,
and so on. The frequencies of the characteristic
radiation depend on the atomic numbers of the

*1 Hz (Hertz) = 1 cycle per second.
TlkeV=103evilev=1.6x 10'12erg.
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Figure 4-2.

Wavelength, Frequency, and Temperature as a Function

of Electromagnetic Photon Energy

target materials: the higher the atomic number.
the higher is the frequency and energy of the
hardest characteristic X-ray.

42 Black Body Radiation .

’ The mechanism whereby an atom is ion-
ized (loses one or several electrons) does not
alter the characteristics of the X-ravs emitted as
the ionized atom deexcites (recaptures elec-
trons). An X-ray can be produced no matter

whether the ionization is produced by an inci-.

dent fast electron or by any other process leay-
ing an unfilled energy level. Similarly. any pro-
cess whereby fast electrons are decelerated
rapidly can produce X-ray bremsstrahlung. Both |
types of conditions are found in high tempera- -
ture plasmas. which are composed of molecules,
atoms. ions. electrons. and accompanving elec-

_tromagnetic radiation. all in a state of thermal

excitation corresponding to the temperature of
the plasma. The hotter the plasma. the less likely
it is that nonionized atoms and molecules will-be

4-3



present. and the more likely will be the presence ‘

of multiply ionized atoms. At very high temper-
atures. the atoms can become completely ioni-
zed. leaving only bare nuclei and electrons in the
plasma. Under such conditions, the possible fre-
gquencies of ‘‘characteristic’” X-rays become
essentially a continuum, both because so many
energy states aré unfilled and because the ther-
~ mal motions of the nuclei cause Doppler shifts

" the frequencies of the emitted lines. The re-
sultant radiation is similar to that from any hot
gas. except that the plasma can be enormously
hotter and therefore can emit much higher fre-
guencies. including X-rays. as well as ultraviolet.
visible. and infrared radiations.

Plasmus are. in general. very complex,
and (he spectral distributions of the radiation
emitted from them are correspondingly com-
plex. However. much insight can be gained by
studving a simpler. idealized thermul radiator,
the black body. This does not mean that radia-
tion from a plasma can be characterized by a
black body. but in some cuses a black body pro-
vides a rough upproximuation. Blick body radiu-
tion is thut seen emerging through a small hole
in the wull of a hollow body at a constant tem-
perature. It is also known as isothermal cavity
radiation. Black body radiation has been studied
extensively both experimentally and theoreti-
caliy cand e [olfowing results are of interest.

(U) The total power emitted per unit area of
a black body at absolute temperature T is

. e}
¢ = oT* erg-sec’!-cm?

where the Stefan-Boltzmann constant o is equal
10 5.67 x 10°° erg sec’! em'? °K4.

The theoretical explanation of the ob-
served  distribution of the frequencies of the
radiation depended on the quantum hypothesis
advanced by Planck. and the energy spectrum is
cenerally referred to as a Planck spectrum. The
Planck spectrum. in terms of the energy density

4-4

radiated between wavelengths X and A + d\. is

grch

Y(A)dA =
(M) h: e(ch/)\k'r) 1

where all symbols are as previously defined. ex-
cept that A is the Boltzmann constant and is
equal to 1.38 x 1016 erg/°K. The Planck ‘spec-
trum can also be expressed in terms of the

power emitted per unit area per unit frequency

for photons with frequencies between v and v +
dv as - ‘

NVary,y 2

— 2mv-dv hy

S (wiily =

S 2 e hV/kTY

e

Since both /v and AT huave the dimen-
sions of energy (and cuan be expressed in keV),
the spectral distribution can be expressed in
terms of the normalized energy (a dimensionless
parameteryu = fiv/kT as '

dbs(u)du = oT*Flu)du

where use has been made of the Stefan-Boltzman
equation, and

. k3
15747
u

et - ]

Flul =

is called the density function of the normalized
Planck distribution. The quantity FfuJdu is the
fraction of the total radiation emitted by a black
body at temperature T between the frequencies
vand v + dv, where v = ul(AT/h).

- The fraction of photons with energics
less thun 1w is therefore

’ u
Glu) =f FOu' Jdu!’
(o]

Gfu) is called the cumulative distribution func-



Table 4-1, - Normalized Planck Distribution .

Normalized Cumulative Distribution
Energv. u Density Function, F{u) Function, G(u)
0.5 2.9674 x 1072 5.2932 x 1073
1.0 8.9627 x 1072 3.4618 x 1072
i5 1.4928 x 107! 9.4780 x 1072
20 1.9283 x 107 18114 x 107!
2.5 2.1519 x 107! 2.8402 x 107
282 (u_, ) 21890 x 107 35368 x 107
3.0 21787 x 107 39301 x 107
4.0 1.8389 x 1070 59702 x 107!
5.0 1.3059 x 107! 7.5453 x 107!
6.0 8.2660 x 107 8.6016 x 107!
7.0 48212 x 1072 9.2442 x 107!
80 26459 x 102 9.6084 x 107!
9.0 1.3857 x 1072 9.8038 x 107!
100 6.9920 x 1073 9.9045 x 107

tion (note that G(ee) = 1 for all temperatures).
The functions F(u) and G(u) are tabulated in
Table 41 and plotted in Figure 4-3. The maxi-
mum oi tne density function occurs at u_

2.82144. Other useful relationships are that only
about three and a half percent of the radiation
occurs at energies below k7 (u = 1), and only
about thirty-five percent below the peak of the
spectrum (u = 2.82). Only one percent of the
energy is radiated in photons with energies great-
er than ten times the black body temperature

(kT), i.e., for u = 10. The median energy is at
aboutu = 3.5.

Ideal black bodies produce some radia-
tion at all frequencies. In order for significant
quantities of X-rays to be produced, however,
the temperature of the black body must be great
enough that U .4 occurs in the X-ray region,
i.e., for the hv ~ .3 keV or greater. This implies
that kT > 0.1 keV or that T must be greater
than about a million degrees Kelvin.



Problem 4-1. Calculation of Spectral Distribution and Cumulative
Emissions from Black Body Sources

. Figure 4-3 and Table 4-1 show the nor-
malized energy distribution and the normalized
cumulative energy function for biack body radi-
ators. ‘These normalized functions may be

~applied to black body radiators of various tem-

peratures expressed in any unit of temperature

measurc. The common unit of temperature mea-

sure for high temperature plasmas is keV.
Scaling

a. To find the fraction of total energy .

emitted at a specified photon energy, hv, divide
the specified photon energy by the black body

source temperature, A7, to obtain the normal-

ized energy, u,

_ kv
u =T

- Enter Figure 4-3 with the normalized energy,
and read the fraction of the total energy emitted
at the specified energy from the density func-
tion curve.

b. To find the cumulative fraction of ener-
gy emitted at or below a specified photon ener-
gy, v, divide the specified photon energy by the
black bodv source temperature, k7, to obtain

e blaiunend CUETRY L U,
y = hy
kT -

Enter Figure 43 with the normalized energy,
and read the cumulative fraction of energy emit-
ted at or below the specified photon energy

Example
iven:
a. A black body radiating at a temperature
of 2 keV.
b. A black body radiating at a tempera-
ture of 3 keV. -

froi the cumulative distribution function curve.

4-6

Find. ‘ :

a. The photon energy that is emitted with
the greatest frequency from the 2 keV black
body.

b. The photon energy at which 65 percent
of the total energy emitted contains photons of
that energy or lower from the 3 keV black body.

Solution:
a. From Figure 4-3 (or Table 4-1), the
peak emission occurs at a normalized energy of

u =282,

b. From Figure 4-3, 65 percent “of the
energy is emitted at normalized energies equal or
less than "

u =43,

Answer:

a. The photon energy that is emitted with
greatest frequency from a 2 keV black body
radiator is

hv = 2.82 kT = (2.82)(2) = 5.64 keV.

b. Sixty-five percent of the photons from
a 3 keV black body radiator have energies equal
to or less than .

hv = 4.3 kT = (4.3)(3) = 12.9 keV

(Thirty-five percent of the photons will have
energies greater than 12.9 keV.)

Reliability: Figure 4-3 represents the den-
sity function and cumulative distribution func-
tion of theoretically ideal black body radiators.
Actual radiators will deviate from the ideal.

Related Material: See paragraphs 4-1 and
4-2,
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4-3 Interactions of X-Rays with Matter

- Just as X-rays are produced principally
by phenomena involving electrons, the principal
interactions of X-ravs with matter also depend
on atomic electrons. ‘

In the photoelectric effect. an X-ray is
totuily absorbed: its energy is partly used in
cvercoming the binding energy of an atomic
electron. and the remainder is imparted as kinet-
ic energy to the electron and (to a much lesser
extent) to the recoiling ion. No scattered X-ray
is observed: however. the deexcitation of the
jonized atom can result in secondary X-ray,
ultraviolet, or optical radiation. This phenome-
non 1s known as fluorescence. Photoelectric
absorption is most probable when the X-ray
energy just exceeds the binding energy of a par-
ticular electron. Thus. as the wavelength of the
mcident X-ray increases (the energy decreases),
the probubility of absorption gradually rises un-
til the binding energy of the K-shell electron is
reached. It then abruptly drops. (the “K-
absorption edge™). and then begins rising again
until the next absorption edge is reached. and so
o}

Another effect is Compton (inelastic)
scattering. When an X-ray collides with an elec-
tron. it is possible that, not only a resultant
energetic electron, but also a scattered X-ray
photon of Jower frequency (longer wavelength)
will be observed. This usually happens when the
target electron is free or very loosely bound. If it

is assumed that the electron is free, the interac-

tion can be analyzed as collision between two
particles. Conservation of momentum and
energy then yield the relation

A~ A= (1 - cos B)

m_c
where A is the wavelength of the incident pho-
ton, X' that of the scattered photon, 6 the angle
of scattering, and m_ the mass of the electron
(9.1 x 102 8p),

4-8

. ‘A third effect is elastic scattering. If an
electron is excited by an electromagnetic wave,
it will gain energy and oscillate. As a 'moving
charge, it will then reradiate the energy as elec-
tromagnetic radiation of the same frequency.
which appear as scattered photons. The scatter-
ed photons may be coherent (in phase) or inco-
herent (random phases).

The probability that any of the above
scattering or photoelectric processes will take
place is given in terms of a cross-section ¢ (so
called because it has units of area), which is the
probability of a given interaction taking place
under the condition that one mterachon per
unit area is possible.’

If the medium with which the X-ravs
interact is characterized by an electron density

. then for every centimeter an X-ray traverses,
there are p, electrons within a cross-sectional
area of one cm? with which it can interact. The
probability of interaction per centimeter is
therefore u = p_ 0. Since this is also the proba-
bility that an X-ray disappears from the incident
beam, the beam intensity falls by a factor e#*
after having penetrated a distance x into the
material. It is often convenient to express the
penetration in terms of the total amount of ma-
terial *‘seen” by the beam, px, where p is the
mass density of the material. In this case. the
mass attenuation coefficient k = u/p is used. The
mass attenuation coefficients for air are shown
as a function of X-ray photon energy in Table

'4-2 and in Figure 4-4.

If the X-rays radiate isotropically from a
P source rather than in a narrow beam, the

flux, ®, of X-rays (photons per unit area per

unit time) at any point depends not only on the
exponential attenuation described above but al-
so on the spherical attenuation, so that

& = Ne*@R)j4zR?

where R is the radial distance from the source



Table 4-2. - Mass Attenuation Coefficients for Air .

Photon Total , ‘ Total
Energy Scatter Photoelectric Attenuation

(keV) (cmzlg) (cmz/g) (cmz/g)
2 ‘ 9.791 x 107! 495 x 10? 4960 x 10°
3.0% 7.754 x 1077 1.34 x 102 | 1.348 x 10°
3.0 7.754 x 107! 156 x 102 1568 » 10°
4 6.707 x 107 827 x 100 8.337 x 10/
6 5.070 x 107! 2.30 x 10! 2351 x 10/
g 4126 x 1071 9.54 x 10° 9953 x 107
10 ‘ 3529 x 107! 457 x 100 - 4923 x 10V
20 2409 x 10t 496 x 107 - 7369 x 107!
40 1.885 x 107 507 x 107 2.393 x 107
60 1.690 x 107 133 x 107 | 1.823 x 107!
- 80 1.569 x 107! 529 x 1073 1622 x 107
100 1.480 x 107! 2.61 x 107 1.506 x 107!
200 1210 x 107 1.68 x 10 ' 1212 x 107!
400 9.468 x 1072 9.80 x 10° 9.469 x 107
392 x 10 8.014 x 107

600 8014 x 107

"Argon K-Absorption Edge.

anu .\ 1s the total number of photons emitted by
the source per unit time. This, however, is only
the component that reaches the point directly
from the source. Scattered photons (¢oherent,
incoherent, and Compton) originating at other
points also reach the point. The result is that the
flux of that point is larger.by a buildup iactor B.
The magnitude of B depends on the distance
from the source, the energy spectrum of the
X-rays, and properties of the scattering material
in complex ways. It is ordinarily calculated by
computer codes. The integral of the flux over
time. or the total number of X-ray photons per
unit area reaching a point, is known as the

fluence. Flux and fluence are also commonly
described in terms of the energy carried by the
photons instead of their number.

SECTION 1

- NUCLEAR WEAPONS AS

X-RAY SOURCES
44 X-Ray Production in
Nuclear Weapons

The multitude of processes that
occur very early in the detonation of a nuclear
weapon are described in Chapter 1. The result, *
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signing ‘‘hot” - nuclear weapons with effective

as far as X-ray production is concerned, is that a

very hot (tens of millions of degrees Kelvin).

plasma is formed, consisting of electrons and the
stripped nuclei of the fission and fusion prod-
ucts, of the elements in the casing materials, and
of any other elements in the immediate vicinity
of the detonation, such as nitrogen and oxygen
in the air. Although the spectrum of emissions
from this plasma is not that of a black body,

particularly because the temperature is by no .

means uniform, it often approximates a black

body spectrum, or a combination of two or

more such spectra. The disposition of X-rays is
further complicated by interactions with the

atmusphere
“ Approximately 70 to 80 percent of
the total prompt yield of many nuclear weapons

is radiated in the form of X-rays.

In recent years,
considerable attention has been devoted to de-

radiation temperatures

45 X-Ray Energy Emitted .
A temperature gradient, decreasing

_outward, exists between the enormously hot in-

terior nuclear materials and the somewhat cooler
exterior bomb casing materials of the nuclear
weapon. The X-rays, of course, are continuously
being absorbed and reradiated, but with a tem-
perature gradient, the conditions for an ideal

‘black body with isotropic radiation at everv

point do not-exist, and there is a net flow of
energy outward from the point of detonation.
The outward flux at the surface is, in fact, about
twice what would be implied by black body
radiation at the temperature of the surface be-
cause of X-rays from the interior escaping with-
out interaction at the surface. If the actual sur-
face temperature is T, then the surface energy
flux is given by

¢ =0T}

H

where
= »1/4 =
T, =241, =119 T,.

The effective temperature, T,, will be used- in
the succeeding discussions.

4-6 Rate of X-Ray Emission .
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Actually, radiation cannot continue
at the peak emission rate because the loss of
energy cools the plasma and it radiates corre-
spondingly less rapidly as time goes on. 1ie time
necessary to radiate a given fraction (about 90
percent) of the weapon energy increases with
the size of the emitting sphere (), and of course
is larger than the time calculated from the peak
emission rate; however, it is still generally mea-
sured in shakes or tenths of a shake for most
weapons. : :

4-7 Spectral Distribution of X-Rays .

_ An approximation of the X-ray spec-
4 lrom nuclear weapons can be obtained from

the normalized Planck distribution by applying
the appropriate multiplicative factors to the
independent (u) and dependent (F and G) vari-
ables for the black body temperature indicated
see paragraph 4-2) 0
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ature and equivalent black body fluence may
obtained from experimental measure

1S example is given in more
roblem . 4-3, The equivalent black body spec-
trum can now be constructed and compared
with the rest of the measured spectrum. Some
examples of such comparisons will be shown in
subsequent paragraphs. » -

For the purpose of calculating X-ray ef-
fects, the spectrum is most useful if tabulated by
intervals in u enclosing approximately equal
energy increments of the cumulative distribution
function. In such computations, each increment
Is treated as being composed of monoenergetic
photons of the central energy. Table 4-3 shows
the boundaries of the energy intervals for ap-
proximately five percent increments of the nor-
malized cumulative distribution function and
the corresponding boundaries of photon energies
for several source temperatures. Five percent in-
crements may be too coarse for estimating ef-

imilarly, the effective X-ray temper-

DA

(=)

fects both at the very low and very high ends of '

the spectrum. For these regions, the one percent
increments shown in Table 44 may be useful.

4-8 Real Nuclear Weapons as
X-Ray Sources ﬁ

- Since X-rays are attenuated rapidly
y air, very little can be ascertained about the

initial properties of nuclear weapons as X-ray

sources from atmospheric weapons tests. How-
ever, X-ray effects may constitute the principal
kill mechanism j ltitude interception of

ballistic missiles

Zje, Y-13 /s aé/:‘/’ci







Table 4-3. . Five Percent Energy Intervals for a Planck Specuum.

Photon Energy in keV for

Cumulative ‘ Various Black Body Temperatures

Distribution

Functicn 1 keV 2 keV 8 keV 10 keV -
0 0 0 . 0 0
0.0506 1.16 232 928 . 11,60
0.1008 : 1.54 3.08 | 1232 15.40
0.1511 . 1.84 368 - 14.72 : 18.40
0.2007 2.10 4.20 16.80 21.00
0.2500 ‘ 2.34 4.8 18.72 23.40
0.3013 2.58 ‘ 5.16 . 20.64 . 25.80
0.3463 ; 2.80 5.60 22.40 28.00
0.4017 ‘ 3.04 6.08 24.32 . 30.40
0.4491 3.26 ' 6.52 26.08 32.60
0.49%4 ' 3.50 7.00 28.00 35.00
0.5515 3.76 752 30.08 37.60
0.6007 , 4.02 8.04 32.16 - 40.20
0.6499 4.30 8.60 34.40 ‘ 43.00 -
0.7610 4.62 9.24 36.96 46.20 '
0.7519 4.98 9.96 39.84 49.80
0.8004 ' 5.34 10.68 42.62 53.80
0.8499 . 5.88 11.76 47.04 58.80
0.9003 6.56 13.12 52.48 65.60

" nozan 7.64 1528 61.12 76.40

Al

BNIAIEY,

X-ray spzctra from real nuclear weapons, both
observed and predicted. Figure 4-6 shows the
vbserved specirum of a warm X-ray weapon.

KA
1-)(3)
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Table 4-4. . One-Percent Energy Intervals for a Planck Spectrur.

Photon Energy in keV for

Cﬂum_ulau:ve Various Black Body Temperatures
Distribution :

Function 1 keV 2 keV 8 keV 10 keV
0.0105 : 0.64 1.8 512 ' 6.40
©0.0205 0.82 1.64 6.56 8.20
0.0295 0.94 1.88 7.52 940
0.0402 1.06 2.12 848 10.60
. 0.0506 1.16 2.32 928 ) 11.60
0.0597 1.24 248 9.92 . 1240
0.0697 1.32 2.64 1056 1320
0.0804 \ 1.40 2.80 11.20 14.00
0.0903 ‘ 147 2.94 11.76 ' 14.70
“ 0.1008 154 3.08 ' 12.32 15.40
0.9003 - 6.56 T 1302 52.48 65.60
0.9098 6.72 13.44 - 5376 67.20
y 0.9200 691 13.82 55.28 169.10
( | 0.9300 712 14.24 56.96 71.20
0.9401 7.36 | 14.72 58.88 73.60
0.9502 7.64 15.28 61.12 76.40
0.9598 , - 196 1592 63.68 79.60
© 0.9700 8.39 16.78 67.12 83.90
0.9801 o 8.98 17.96 7184 89.80

C.993C 9.94 19.88 79.52 99.40

ZX.g
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