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ABSTRACT

Results of calculations of energy deposition in the atmosphere and
air fluorescence produced by x rays from & hypothetical nuclear explosion
at an altitude of 10° km are presented in graphical form. The calcula-
tions were done for many parameters with the intent that the results
would be useful in the detection of nuclear explosions in spece, for
example in systems design and signal interpretation, and in the predic-
tion of atmospheric effects brought about by a high-altitude nuclear
explosione.

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 e low temperature of
0.1 keV to & high temperature of 10 keV and for photon energies of
100 keV and 1 MeV. Deposition per unit volume as & function of altitude
directly ebove 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§gtly with source temperature or pho-
ton energy, ranging between 2 x 10-15 and 0.8 x 10-¥% joules cm=3. The
altitude of peek deposition, however, changes from 108 km for the 0.l keV
source to 80 km for the 1 keV source and 24 km for the 1 MeV photon source.
For burst on the horizon, the peak deposition is lower by about two orders
of magnitude, varying slightly about a value of 10-17 joules cm'a, while
the altitude of peak changes from 145 to 100 to 50 km for the 0.l 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 1l.4% was used.

The peak flux density recorded by an all-sky lens pointed at the
zenith for burst at zenith varies from 107 W cm=® for a 5 keV source to
0.6 x 10-7 W cm~2 for a 0.l keV source. The flux is down by a factor of
two in ~ 250 ysec. For burst 80° from zenith (10° above the horizon)
the peak flux density ranges from 108 W cm™® to 4 x 10-8 W cm=-2 and does
not vary greatly during the calculated time span of 250 usec.



Graphs of the incident flux density as a function of time from
10 ysec to 250 sec are given for burst locations ranging from zenith to
80° from zenith for detectors with fields of view 90°, 120°, and 160° 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" W cm~2 to &
low of 2.5 X 10-° W em~=.

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. Peak brightnesses vary from 1.5 X 10 W em~2 ster-t
0 5 x 10~°2 W cm~2 ster~! with typical velues lying between 5 X 10-7 and
5 x 108 W cm™@ ster-t.
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INTRODUCTION

A variety of codes for machine calculations have been written to
assist in the interpretation of data on prompt 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 10° km. Graphs giving some of the results
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 ("Vela Sierra").

X-ray energy deposition in the atmosphere as a function of altitude
is taken from EDS calculations. ILight received on the ground from air
fluorescence excited by x rays is calculated by the HAF code. These
codes, both written for the IBM 7094, are briefly described below.

THE EDS CODE

The EDS code computes energy deposition per unit mass and energy
deposition per unit volume, respectively, according to the equations

Q (M)
EM = ’ Joules 8-1,
2
r
and
Q(M)p -
B, = = , Jjoules cm™3,
r



where

r = the radius from the source, km,

p = alr density at the point of deposition, g em™3,

M = mass of air per unit area traversed between the source
and the deposition point, g cm™2, and

Q = source function, joules km® g-?.

The function @ 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 numbers and is calculated by other
machine codes; this will be discussed further.

The geometry used in EDS is illustrated in Fig. l. Burst altitude
is specified and energy deposition calculeted along & radius r at an

angle § with respect to the vertical through burst point. A spherical

BURST POINT

BURST
ALTITUDEX

EARTH
SURFACE DEPOSITION

“ALTITUDE

EARTH
RADIUS

Fig. 1. EDS geometry.
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earth is assumed. Air density as a function of altitude is input as a
table of numbers. The qQuantity M is calculated by
r

M =/p<11?u g cn ?,

e}

where { is measured along R.

The source function Q@ for x rays is calculated by a machine code
called XRA. Q is determined for selected values of M by integrating
over the Planckian appropriate for the source temperature(s) assumed.
Mass absorption coefficients for air as a function of x-ray wavelength
are input as & table of numbers. XRA will compute Q (M) tables given a
source radiating a specified amount of energy at a constant temperature;
provision is made for the temperature and radius of the source to vary
as a function of time as in an actual case calculated by still other
codes in use at Los Alamos.

In all of these calculations contributions due to scattering are
neglected. Scattering becomes important for photon energies = ~ 12 keV.

THE HAF CODE

Only a brief description of the HAF calculation is given here. A
detailed write-up, including assumptions and derivation of equations, is
contained in Report IA-3409-MS Supplement.l

Energy deposition in the atmosphere is assumed 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 total energy, BV, per unit
volume radiated as air fluorescence is taken to be isotropic and propor-

tional to the energy, EV’ deposited per unit volume according to the
equation

By = TIEV s Joules cm™3,

where the constant of proportionality, 1, is called the "fluorescence

11




efficiency." The rate at which energy BV is emitted at a point in space
is assumed proportional to the number of 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 time
history of emission of energy BV at a point in space is found by folding
together the source pulse time duration and the electron slowing-down
time. Energy deposition is assumed to be "local."

There is another time effect for a ground-based detector called
"geometrical time 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 & 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
then a few degrees from the line of sight to burst.

The fluorescence efficiency, T, is assumed to vary with air density,
ps @nd hence with altitude, H, according to the expression

Mo
1 +p/po

where T, is & constant (discussed below) and p, = 1.82 x 1075 g cm™3.
This value of p, is based on measurements reported by Grun.2 With in-
creasing altitude, 7 approaches T, and is essentially equal to Mo at
altitudes 2 ~ 40 km (for this value of po). While there is some question
about the accuracy of this value for p,, the question is probably aca-
demic, since, for the conditions considered here, most of the fluorescent
emission comes from altitudes > 60 km where T = T,. The value of o
would have to be high by more than a factor of 10 to affect the accuracy
of the calculations appreciably.

The electron slowing-down time is a function of the air density and
the hardness of the radiation. Average slowing-down times for a suitable

12




VERTICAL
PLANE

LINE-OF- BURST |
SIGHT | POINT OF

¥ _ - LINE-OF-
F\y// SIGHT

ZENITH

{a) {b)

Fig. 2. Diagram showing HAF coordinates. (a) Side view showing polar
axis L and angles € and §. (b) View looking toward burst point
from the observing station showing the angles | and §.

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 vhich a slowing-dovn time is calculated by scaling inversely 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 § from the polar axis and rotated an angle % about the polar axis.
{y is measured from the vertical plane through burst 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 § = 18¢°,
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and one passing on & horizontel line to one side of burst would have

y = 90°. See Fig. 2(b). Light is received at the cbserver 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 § and { are selected and the bright-
ness, B (W cm™2 ster~!), 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 number of different values of § and { are specified, so that a
"mesh" is defined across a portion (or &ll) of the sky, the code will
integrate B over the coordinates 6 and ¥ to obtain energy flux density,
W em™2

As indicated in Fig. 2, the earth is assumed to be spherical.

Q(M) end p (H) information needed in the HAF celculation is input as
tables in the same format as used in EDS.

y incident at the observer as a function of time.

VAIUES OF PARAMETERS

Mass absorption coefficients of air used in computing the Q tables
were taken from a Rand report by Gilmore.® Air-density values as a
function of altitude were the “average" numbers listed in CIRA 1961.%

The value of T, used in the HAF calculations reported here was the
pre-Dominic value, Mg = 0.014. For ease of comparing results it was
decided to continue to use this nurber until & new value was extracted
from the Dominic data. A "best" value is now available® and is quoted

+0.045

as T]o = 0.01&5 -0.023

s where the uncerteainty is thought to be within a

factor of two.

Air fluorescence radietion from high-altitude nuclear explosions
consists principally of band emission from three systems of molecular
nitrogen: (1) the N, second positive system (mostly near ultraviolet),
(2) the N; first negative system (mostly visible in the blue), and (3)
the N, first positive system (mostly near 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 A. The high-altitude efficiency for this band is quoted® as

To
3914
above.

o Il

= 0,01, where the uncertainty factor is the same as that given

Thus, in using the graphs plotted here 4o obtain predicted air
fluorescence signals, a "total" light prediction is found by multiplying
the ordinate by ~ 3; & prediction for one of the molecular systems, by
taking the results "as is"; and a prediction for the 3914 ﬁ’band, by
multiplying the ordinate by 2/3.

All calculations included here were done for an assumed x-ray yield
of 1 kt = 10*2 cal = 4.2 x 10™© ergs at an altitude of 105 km radiating
at a constant temperature.

EDS GRAPHS

Energy deposition 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 (blackbody assumed) and a couple of
monoenergetic gamma-ray photon energies.

Results should be accurate to within the accuracy of the mass
absorption coefficients and the model atmosphere used for source tempera-
tures of 0.1, 0.2, O.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 should be correct to within a factor of two.

The XRA code computes Q tables by determining the transmission
through M g cm=2 of air as e M
is & function of the x-ray wavelength, and by teking the fraction of the
energy deposited per gram to be given by u. Thus, the contribution to Q

s where {1, the mass absorption coefficient,
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from x rays at a given wavelength is proportional to ueﬂ*M. When Compton
scattering becomes important, at photon energies hy 2 ~ 12 keV, then the
fraction of the energy deposited is given by the "true" mass absorption
coefficient, HTRU’ whereas the transmission, including absorption and
scattering, is given by e1%POfM where the 'total" mass absorption co-
efficient,1¢rar > HTRU' Thus the contribution to Q from x rays of
wavelength A, neglecting scattering, is proportional to

uTRU(k)eﬁ+PGP(K)M .

Scattering can be included by means of a “"buildup factor," B(A,M), so
that the total contribution to Q is accurately proportional to

B (0 s My 1 Je Hoor'! |

where B =2 1, and is essentially the "right answer over the wrong answer."
Buildup factors have been calculated® for gemma-raey energies between
0.25 and 10 MeV for a point isotropic source in an infinite homogeneous
medium. These results were used in the 1 MeV EDS calculations given
here without any other justification than that the method gave answers
in agreement with Monte Carlo calculetions for the specieal case of
values of M £ 100 g cm~2 and a source at & high altitude but low enough
to be still in the atmosphere.”s®

Ho buildup 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 uTOTM as the exponent leads to a computed transmission
that is too small, so the use of HTRUM 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 Carlo® celculations for the special cases of
4O keV and 50 keV source photons. Q (M) tables were calculated in this
menner for the 100 keV photon source results given here.

16




In the 10 keV source temperature case, Q(M) tables were calculated
with XRA. Provision is made for only one table of mass absorption co-
efficients in this code, so that the same number is used like & true
mass absorption coefficient as the fraction deposited and like a total
mass absorption coefficient to compute the transmission. However, this
fact should not be of great importance, and, indeed, causes a change in
the direction of decreasing the difference between the upper and lower

bounds.

HAF PLOTS

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
80° from zenith. In each case values of § and § were chosen to define
a mesh, and the results were integrated over § 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 ysec in 10 usec
steps. ‘

The three detectors were assumed to be pointed at the zenith and
differed only in fields of view, which were 90°, 120°, and 160° 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, B, W cn-2 ster'l, provides space resolution infor-
mation, for example, for considerations involving image-forming optics
or highly collimated systems. Plots of the brightness as & function of
time are given for selected directions in space. For off-zenith burst
locations, a line of sight described as an angle "up from burst" 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 GEGMETRY

The "expanding ring" characteristic of air fluorescence has been
found to be a useful tool in detection systems design. The geometry 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 produce fluorescence lasting for a time t, 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 time t = O. As time t increases to t = t,, the region from
which light is received appears to grow into a disc with the path t,

(see Fig. 3) corresponding to the edge of the disc where t, is the dif-
ference in time required for light to travel the path t, from the time
required to travel the direct line to the observer. At time t, the ob-
server ceases to see light elong the direct line of sight to burst, so
that this region "goes out." Thus, at time t, > t,, the observer receives
light from & ring such that the travel time for light along tl is time tl
longer than the travel time along the direct line. The travel time for

BURST POINT
PATH t, PATH t,
PATH t, PATH t,
DEPOSITION
7 ~ LAYER
PATH t, PATH t,
OBSERVER

Wp e,

Fig. 3. Diagram of ring geometry.
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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 out." 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 0 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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