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Results of calculations
air fluorescence produced by
at an altitude of 1C9 km are

AESTRACT

of energy deposition in the atmosphere and
x rays from a hypothetical nuclear explosion
presented in graphical form. The calcula-

tions were done for ninnyparameters with the intent that the results
would be useful in the detection of nuclear explosions in space, for
example in systems design and signal interpretation, and in the predic-
tion of atmospheric effects brought about by a high-altitude nuclear
explosion.

The machine codes used in performing the calculations are described
briefly. In all cases an x-ray yield of 1 kt was assumed.

Deposition calculations were done for a variety of source tempera-
tures and incident photon energies ranging from a low temperature of
0.1 keV to a high temperature of 10 keV and for photon energies of
100 keV and 1 14?V. Deposition per unit volum as a functicm of altitude
directly above a ground-based observer is presented for two cases:
(1)burst at zenith, and (2) burst on the horizon. In the zenith case,
the peak deposition varies only sli tly with source tem~rature or pho-
ton energy, ranging between 2 x 10-e and 0.8 x 10-15 joules cm-3. The
altitude of pak deposition, however, changes from 108 km for the 0.1 keV
source to 80 km for the 1 keV source and 24 km for the 1 lleV photon source.
For burst on the horizon, the peak deposition is lower by about two orders
of magnitude, varying slightly about a value of 10-=7 joules cm-s, while
the altitude ofpeak changesfrom 145 to 100 to 50 km for the 0.1 keV,
1 keV, and 1 MeV sources, respectively.

Air fluorescence calculations were done for a variety of source
temperatures, detector fields of view, and burst directions as seen by
an observer on the ground. An x-ray energy deposition conversion to
fluorescence radiation efficiency of l.h~was used.

The peak flux density recorded by an all-sky lens pointed at the
zenith for burst at zenith varies from 10-7 W cm-2 for a 5 keV source to
0.6 x 10-7 W cm-2 for a 0.1 keV source. The flux is downby a factor of
tWO in- 250 Wsec. For burst 800 from zenith (10° above the horizon)
the peak flux density ranges from 10-8 W cm-2 to 4 x 10-8 W cm-2 and does
not vary greatly during the calculated time spm of 250 Vsec.
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Graphs of the incident flu density as a function of time from
10 Usec to 2’jO~sec are given for burst lwations ranging Nom zenith to
8cY from zenith for detectors with fields of view 90°, 120”, and 1600 in
diameter, for a source temperature of 1 keV. Depending on burst location
and field of view, the geak varies from a high of 8 x 10-8 W cm-2 to a
low Of 2.5 x 10-9 w cm- .

Space-resolved and time-resolved plots of the air fluorescence appar-
ent surface brightness as seen from the ground are presented for several
burst locations. Wakbrightnesses vary from 1.5 X 10= W cm-2 ster-l
to 5 x 10-9 W cm-2 ster-=
5 x 10-8 W cm-2 ster-=.

with typical values lying between 5 X 10-7 and
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Plots of air fluorescence incident flux density as a function of
time at a ground-based detector for several so~ce temperatures;
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tude: 105 km; x-ray yield: 1 kt; fluorescence efficiency assumed
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GRAFHS (continued)

Plots of air fluorescence incident flux density as a function of
time at a ground-based detector for three detector fields of view
and five burst locations. Burst altitude: 105 km; x-ray yield:
1 kt; source temperature: 1 keV; fluorescence efficiency: 1.4~j
detectors pointed at zenith; tim range: 10 to 2’jO~sec.

Graph 13 Field of view 9d diameter. Burst at zenith and at
angles of 20°, 40°, 600, and 800 from zenith

Graph 14 Field of view 1.20°diameter. Burst at zenith and
at angles of 20°, 40°, 600, and 800 from zenith

Graph 15 Field of view 1600 diameter. Burst at zenith and
at angles of 20°, 40°, 600, and 800 from zenith

Plots of air fluorescence apparent surface brightness as a
function of time as observed from a ground-based station for
five burst locations and various lines of sight. Burst alti-
tude: 105 km; x-ray yield: 1 kt; source temperature: 1 keVj
fluorescence efficiency: 1.4$4; time range: 2 to 250 ~sec.

Graph 16
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Graph 19
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Graph 23

Graph 24

Burst at zenith

Lines of sight at angles of 0°, 20°, 30°, 40°, 50°,
and 600 from burst

Burst 20° from zenith

Lines of sight at angles of 0°, 20°, 30°, 46, 5d’,
600, and 70° masured up from burst ($ = 0°)

Lines of sight at angles of 0°, 20°, 300, 40°, 50°,
and 600 measured to one side of burst ($ = 9&’)

Burst 40° from zenith

Lines of sight at angles of 0“, 20°, 30°, 40°, 50°,
600, 7&, and 800 measured up from burst ($ = & )

Lines of sight at angles of &, 20°, 30°, 40°, and
5d’ measured to one side of burst (’!)= 9@)

Burst 6@ from zenith

Lines of sight at angles of @’, 2&, 30”, 4&, 50°,
600, 70°, and 8(Y masured up from burst ($ = 0°)

Lines of sight at angles of &, 20°, 300, 40°, and
50° measured to one side of burst (~ = 90° )

Burst 8& from zenith

Lines of sight at angles of d’, 20°, 30°, 4&, 50°,
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measured to one side of burst ($ = W“ )
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GRWKS (continued)

Plots of air fluorescence expanding ring geometry: a~rent sur-
face brightness as a function of line of sight at several times
after burst for five burst locations. Burst altitude: 1~ kmj
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16o, 200, and 24o Wsec.
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INTROIXETION

A variety of cedes for machine calculations have been written to

assist in the interpretation of data on prom air fluorescence excited

by radiation from high-altitude nuclear explosions. These codes have

been used to predict energy deposition in the atmosphere and air fluores-

cence brightness due to radiation from a hypothetical nuclear explosion

oCCUrring at an altitude of l& km. Graphs giving SOnE of the res~ts

of these calculations for x rays are presented in this report.

The calculations were done to provide signal input information for

use in the design of a ground-based detection system for nuclear explo-

sions in space (t’VelaSierra!’).

X-ray energy deposition in the atmosphere as a function of altitude

is taken fromEDS calculations. Light received on the ground tiom air

fluorescence excited by x rays is calculated by the HAF code. These

codes} both written for the IBM 7094, are briefly described below.

THEEDS CCIDE

The EDS code computes energy deposition per unit mass and energy

deposition per unit volume, respectively, according to the equations

Q(M)

‘M== ‘
joules g-l,

and
Q(M)p

%== ‘ jOules cm-3’

9



where

r=

P =

M=

Q=

the radius from the source, km,

air density at the point of deposition, g cm-=,

mass of air per unit area traversed between the source

and the deposition point, g cm-2, and

source function, joules km2 g-l.

The function Q includes the (isotropic)source strength, the x-ray

spectrum~ and the attenuation due to absorption in the atmosphere. Q(M)

is input in the form of a table of nunibersand is calculated by other

machine cedes; this will be discussed further.

The geometry used inEDS is illustrated in Fig. 1= Burst altitude

is specified and ener~ deposition calculated along a radius r at an

angle e with respect to the vertical through burst point. A s@erical

f

BURST
ALTITUDE<

EARTH
SURFACE

\

EARTH
RADIUS

-BURST POINT

8

DEPOSITION

.
Fig. 1. EDS geomtry.
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earth is assum?d. Air density as a function of

table of nunibers. The quantity M is calculated

r

M= 1pdl , g cm-2,

o

where L is masured along R.

The source function Q for

altitude is input as a

by

x rays is calculated by a machine code

called XRA. Q is determined for selected values of Mby integrating

over the Planckian appro~iate for the source temperature(s) assmd.

Mass absorption coefficients for air as a function of x-ray wavelength

are input as a table of nuxibers. XRA wilJ-compute Q(M) tables given a

source radiating a specified amount of energy at a constant temperature;

provision is mule for the temperature and radius of the source to vary

as a function of tim as in an actual case calculated by still other

cmies in use at Los Alamos.

In alJ

neglected.

Onl.ya

of these calculations contributions due to scattering are

Scattering becores important for photon energies 2-- 12 keV.

THE HAFCODE

brief description of the HAF calculation is given here. A

detailed write-up, including assumptions and derivation of equstions, is

contained in Report IA-3409-MS Suppleunt.1

Energy deposition in the atmosphere is assmd to produce energetic

primary electrons which in turn produce less energetic secondary electrons.

Fluorescent emission is assumed to occur instantaneously upon excitation

by the primary and secondary electrons. The

volume radiated as air fluorescence is taken

tional to the energy,
%

, deposited per unit

equation

%=% ‘ ‘oties cm-”

where the constant of proportionality,

total energy, ~, per unit

to be isotropic and

volum accotiing to

propor-

the

called the llfluorescence

11



efficiency.” The rate at which energy ~ is emitted at a point in space

is acsumed proportional to the nuniberof primary electrons present with

sufficient energy to excite fluorescence, with emission occurring uni-

formly during the primary electron slowing-down time. The x-ray source

pulse is assumed to be square, lasting a finite time. Thus the tim

history of emission of energy ~ at a point in space is found by folding

together the source pulse time duration and the electron slowing-down

tine. Energy deposition is assmd to be “local.”

There is another time effect for a ground-based detector called

“geometricaltime smear.” This effect is due to the fact that the path

length for radiation traveling at the velocity of light from burst point

to the point of energy deposition and thence to a detector on the ground

depends on the line of sight of the detector and on the altitude at which

deposition occurs. Geometrical time smear is by far the dominant effect

in the calculations reported here for all lines of sight passing more

than a few degrees from the line of sight to burst.

The fluorescence efficiency, ~, is assumed to vary with air density,

p, and hence with altitude, H, according to the expression

v =

where 70 is a

This value of

‘f10
)

1 +P/pc)

constant (discussedbelow) and p. = 1.82 x 10-5 g cm-s.

PO iS based On ~asuements reP@ed bY G*=2 With in-

creas~ altitude, ~ approaches no and is essentially equal to ‘1)0at

altitudes 2- 40 km (forthis value of PO). While there is sonE?question

about the accuracy of this value for po, the question is probably aca-

demic, since, for the conditions considered here, most of the fluorescent

emission comes frcm altitudes > 60 h where v ~ lo.

would have to be high by mare than a factor of 10 to

of the calculations appreciably.

The electron slowing-down time is a function of

the hardness of the radiation. Average slowing-down

The value of p.

affect the accuracy

the air density and

times for a suitable

●
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ZENITH

SURFACE OF EARTH
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VERTICAL
PLANE

I

I
POINT OF

4$

%
/“

- LINE-OF-

‘uRsJii=

SIGHT
0

8

(b)

Fig. 2. Diagram showing HAF coordinates. (a) Side view showing polar
axis L and angles ~ and Fj. (b) View looking toward burst point
from the observing station showing the angle~ I!and e.

density have been calculated by hand using the x-ray spectra computed

for various values of M. Results are input to HAF as a table of numbers

from which a slowing~o}m time is calculated by scaling inverse3y with

the density. Because of the filtering effect of the air, the x-ray

spectrum increases in hardness with increasing M.

Figure 2 is a diagram showing the coordinate system used in HAF. A

spherical polar coordinate system is set up with the polar axis the line

from ground-based observer to burst point. This axis is tilted an

angle ~ from the vertical at the observer. The line of sight is at an

angle 9 from the polar axis and rotated an angle I!ab”outthe polar axis.

$ is measured from the vertical plane throughburst point and the ob-

serving station. A line of sight passing directly above burst point

would have ~ = O, one passing directly below burst would have ~ = 1800,

13



and one pssing on a horizontal line to one side of burst would have

$=90”. See Fig. 2(b). Light is received at the observer at a time t

from a distance R along the line of sight from radiation deposited at a

distance r from burst.

In the calculation, values of 9 and $ are selected and the bright-

ness, B (W cm-2 ster-l), is calculated for various values of t. The

time t = O is the time of arrival at the observer of the leading edge of

a pulse traveling at the velocity of light along the shortest path from

burst to the observer (L).

If a rmmiberof different values of 13and ~ are specified, so that a

“msh” is defined across a portion (or all) of the sky, the code will

integrate B over the coordinates e and $ to obtain energy flux density,

W cm-2, incident at the observer as a function of time.

As indicated in Fig. 2, the earth is assumed to be s~erical.

Q(M) and p(H) information needed in the HAF calculation is input as

tables in the same format as used in EDS.

VALUESOF FYWWHERS

Mass absorption coefficients of air used in computing the Q tables

were taken from a Rand report by Gilmore.3 Air-density values as a

function of altitude were the “average” ntiers listed in CIRA 1$61.4

The value of To used in the HAF calculations reported here was the

pre-Dominic value, To = 0.014. For ease of comparing results it was

decided to continue to use this nuniberuntil a new value was extracted

from the Dominic data. A “best” value is now available5 and is quoted

+0.045
as To = 0.045 -0 023, where the uncertainty is thought to be within a

●

factor of two.

Air fluorescence radiation from high-altitude nuclear explosions

consists principally of band emission from three systems of molecular

nitrogen: (1) the N2 second positive system (mostly near ultraviolet),

(2) the N~first negative system (mostlyvisible in the blue), and (3)

the N= first positive system (mostlynear infrared). There is evidence

.

.
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that the energy radiated is partitioned approximately equally among

these three systems.

A band of considerable interest in the detection problem is the

(v’,V”) = (0,0) transition in the N: first negative system with bandhead

at 3914 i. The high-altitude efficiency for this band is quoteds as

Vo = 0.01, where the uncertainty factor is the same as that given
3014

above.

Thus, in using the graphs plotted here to obtain predicted air

fluorescence signals, a “total” light prediction is foundby multiplying

the ordinate by- 3; a prediction for one of the molecular systems, by

taking the results “as is”j and a prediction for the 3914 ~ band, by

multip~ing the ordinate by 2/>.

All calculations included here were done for an assumed x-ray yield

Oflkt= 10= cal ~ 4.2 x 1019 ergs at an altitude of 105 km radiating

at a constant temperature.

EDs GRAPHS

Energy depositicm as a function of altitude directly above a

ground-based observer is given for two cases: burst at zenith and burst

on the horizon. Because of general interest in the altitude of peak

deposition as a function of photon energy, calculations have been done

for a variety of source temperatures (blackbaiyassumed) and a couple of

monoenergetic gamma-ray photon energies.

Results should be accurate to within the accuracy of the mass

absorption coefficients and the malel atmosphere used for source tempera-

tures of 0.1, 0.2, 0.4, and 1 keV, and, to a lesser extent, 3 keV. Neg-

lect of scattering introduces considerable error into the 5 keV calcula-

tion, but values shouldbe

The XRA code computes

through M g cm-2 of air as

is a function of the x-ray

correct to within a factor of two.

Q tables by determining the transmission
ew , where M, the mass absorption coefficient?

wavelength, and by taking the fraction of the

energy deposited ~r gram to be given by M. Thus, the contribution to Q

15



‘. When Comptonfrom x rays at a given wavelength is proportional to pe

scattering becoms important, at photon energies ~ z - 12 keV, then the

fraction of the energy deposited is givenby the “true” mass absorption

coefficient,&U, whereas the transmission, including absorption and

scattering, is given by e%U& where the “total” mass absorption co-

efficient,
%2 > %U” Thus the contribution to Q from x rays of

wavelen@h k, neglecting scattering, is proportional to

Scattering can be included by means of a “buildup factor,” B(A}M)~ so

that the total contribution to Q is accurately proportional to

where B 2 1, and is essentially the “right answer over the wrong answer.”

6 for gamma-ray energies betweenBuildup factors have been calculated

0.25 and 10 MeV for a point isotropic source in an infinite homogeneous

medium. These results were used in the 1 MeV EM calculations given

here without any other justificationthan that the method gave answers

in agreement with Monte Carlo calc@ations for the special case of

values of M < 100 g cm-2 and a source at a high altitude but low enough

to be still in the atmosphere.7~6

No builiup factors are known to the author for photon energies in

the range 12 to 250 keV. However, it can be plausibly argued that, just

as the use of ~~ as the exponent leads to a computed transmission

that is too small, so the use of ~fl should lead to a transmission

that is too large (except for small.M less than 1 mean free path), and

that two calculations, using the two transmissions, should at least

bound the correct answer above and below. Again, this argument is sup-

ported by results of Monte Carlog calculations for the special cases of

40 keV and

nmner for

50 keV source photons. Q(M) tables were calculated in this

the 100 keV photon source results given here.

.
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In the 10 keV source temyn?ature case, Q (M) tables were calculated

with XRA. Provision is made for only one table of mass absorption co-

efficients in this code, so

mass absorption coefficient

mass absorption coefficient

fact should not be of great

the direction of decreasing

bounds ●

that the same number is used like a true

as the fraction deposited ‘andlike a total

to compute the transmission. However, this

importance, and, indeed, causes a change in

the difference between the upper and lower

HAF mn?s

A set of HAF calculations was done for a source temperature of

1 keV for burst locations at zenith and at angles of 20”, 40”, 60”, and

8& ft?omzenith. In each case values of 0 and ~ were chosen to define

a mesh, and the results were integrated over 8 and ~ to obtain flux

density incident at the observer as a function of time for three hypo-

thetical detectors. Time was varied from 10 to 250 psec in 10 usec

steps.

The three detectors were assum?d to be pointed at the zenith and

differed only in fields of view, which were 90°, 120°, and 1600 in dia-

meter defining cones of half-angle 45°, 60”, and 80”, respectively.

Detector response was assumed perfect out to the edge of the field of

view, and zero beyond the edge.

The brightness,

mation, for example$

or highly collimated

B, W cm-2 ster-l, provides space resolution infor-

for considerations involving image-forming optics

systems. Plots of the brightness as a function of

time are given for selected directions in space. For off-zenith burst

locations, a line of sight described as an angle “UP fl?omburst” is for

the angle + = O. For example, for burst 40° from zenith, a line of

sight 40” up from burst is pointing to zenith.

17



RING GECMETRY

The “expanding ring” characteristic of air fluorescence has been

found to be a useful tool in detection systems design. The geo~tzy is

illustrated in Fig. 3. Consider a very short pulse of radiation propa-

gating outward from burst point. Deposition is assumed to occur in a

thin layer and to prcduce fluorescence lasting for a time to at the

point of deposition. As seen by a ground observer directly below burst,

light arrives from the deposition layer only along the line of sight to

burst at tim t = O. As tim t increases to t = to, the

which light is received appears to grow into a disc with

(see Fig. 3 ) corresponding to the edge of the disc where

ference in time required for light to travel the path to

region frcm

the path to

to is the dif-

frcxn the time

required to travel the direct line to the observer. At time to the ob-

server ceases to see light along the direct line of sight to burst, so

that this region “goes out.” Thus, at time t= > to, the observer receives

light from a ring such that the travel time for light along tl is time t=

longer than the travel time along the direct line. The travel time for

BURST POINT

PATH to

PATH t,

Fig. 3. Diagram of ring geomtry.
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the inner path of ring tl is to shorter than that for path tl; for all

paths shorter than this the fluorescence has “gone OUte” For a zenith

burst the ring is circular.

Graphs illustrating the expanding ring have been constructed from

the HAF calculations by plotting the brightness as a function of the

angle 9 at constant time. Because of the considerable depth of the

deposition layer, the ring interior does not exactly “go out,” and the

edges of the ring are not sharply defined; the maximum brightness in the

ring is, however, about an order of magnitude greater than the brightness

in the interior.
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X-ray energy deposition in the atmosphere as a function of
altitude for several source temperatures.
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X-ray yield = 1 Id

Burst at zenith

-Is
10

b

to
‘E
o

-16
$ 10
3
0.- 1

I I I I,619~

50 70 90 110 I30 150 [70 190
ALTITUDE, km .

Gram 1 Sowce tempratues of 0.1s 0.2) and 0“4 kev

20



Burst altitude = 105 km
X-ray yield = 1 M

Burst at zeniti

X-ray energy deposition in the atmosphere as a function of
altitude for several source temperatures.
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X-ray energy deposition in the atmosphere as a function of
altitude
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X-ray energy deposition in the atmosphere as a function of
altitude for several source temperatures
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Air fluorescence incident flux density vs time at a ground-based detector
for several source temperatures. All-s& lens pointed at zenith.

Burst altitude = 105 km
X-ray yield = 1 kt
Fluorescence efficiency assumed = 1.4’%
Air transmission assumed = 100%
Time measured from arrival of light at
obse~er along shortest path.

Burst at zenith
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Graph 11 Source temperatures of 0.1, 0.2, 0.4, 1, and 5 keV

30



-06
10

I I I I I I I I I 1 I I

Air fluorescence incident flux density vs time at a ground-based detector
for several source temperatures. A1l-eky lens pointed at zenith.

Burst altitude = 105 km
X-ray yield = 1 hi
Fluorescence efficiency assumed = 1.4’%
Air transmission aesumed = 100%
Time measured from arrival of light at
observer along shortest path.
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Graph 12 Source temperatures of 0.1, 0.2, 0.4, 1, 3, and 5 keV
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Air fluorescence apparent surface brightness as a function of time (=0”
from a ground-based station for various lines of sight.

Burst altitude = 105 km
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from burst
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Air fluorescence apparent surface brightness as a function of time
from a ground-based station for various lines of sight.

Burst altitude = 105 km
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X-ray yield = 1 kt
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Source temperature = 1 keV
Fluorescence efficiency = 1.4%
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from a ground-based station for various lines of sight. (.200
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Expanding Ring Geometry
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Expanding Ring Geometry
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Air fluorescence apparent surface brightness
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Expanding Ring Geometry
Air fluorescence apparent surface brightness
as a function of line of sight at several times
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