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ABSTRACT

Nuclear explosions in or above the upper atmosphere give rise to
strong excitation of air constituents. Of the total energy released in
the explosion, approximately 70% appears as x rays; and in the absorption
process as much as 5% of this energy is converted promptly into visible
and near-visible emission from the N?g' first negative and the Np second
and first positive systems. The precise character of this radiation is
dependent on total dose and altitude of delivery. If the excited volume
is optically thick, the radiation transport is governed by self-absorp-
tion, quenching, charge exchange, and recombination processes. These
must be considered in spectroscopic analysis. The kinetic energy resid-
ing in fast-moving bomb debris (initial velocity ~ 108 cm/sec) and in
fission beta particles may amount to 25% of the yield, and the stopping
process will lead to additional excitation and to phenomenologically
interesting displays. Thus the motion of debris from "Starfish"

(1.5 Mt at 400 km) and the interaction of the debris with the geomagnetic
field and the atmosphere could be traced through characteristic emission
from atomic oxygen and nitrogen. Formation of an elongated plasma bubble,
jetting of debris to altitudes of 2000 km, and subsequent relaxation of
the disturbed field were observed.
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INTRODUCTION

Nuclear explosions in the upper atmosphere and in near space have
been conducted primarily for military purposes. However, besides pro-
ducing effects of importance to national defense, such events have
generated rich returns of scientific information in many fields.

The widespread geophysical effects accompanying a high-altitude
explosion exhibit great similarity with natural events in the upper
atmosphere, which cannot be duplicated in the laboratory. Indeed the
multitude of phenomena produced by one known source, the interaction of
various types of energy with the atmosphere and the earth's magnetic
field, is--though complicated--highly informative, striking, and at
times very spectacular.

Before coming to the main subjJect of this presentation, the review
of such interactions, it will be instructive to see two beautiful,
almost classroom, demonstrations of physical phenomena occurring at high
altitudes.

The first is the detonation of "Starfish," a 1.5-Mt device, exploded
at an altitude of 40O km above Johnston Island near midnight of July 9,
1962. From the 10,000-ft-high top of the extinct volcano Haleakala on
Maul Island in the Hawaiian chain, one sees at a distance of about 1500 km
two distinct phases of the explosion (Fig. 1):

a) The birth of a tiny shortlived artificial star which radiates

brightly for about 1 msec, the light being emitted by the expanding

bomb debris. In the cooling process part of the internal energy

of the hot bomb material is converted into visible light.



b) The vast bright air glow produced by the absorption of the

bomb-produced x radiation in a large volume of the atmosphere.

In the collision process, the x rays and their photoelectrons

excite characteristic air fluorescence, which illuminates the

sky. The physics of this air fluorescence will be the first

major subject of this paper.

Another demonstration (Fig. 2) shows the complicated phenomena
occurring as a consequence of the detonation of & medium-yield device,
also above Johnston Island, but at a lower altitude than Starfish. Here
we observe the fireball, seconds after the explosion, from a high-flying
aircraft, looking from east to west perpendicular to the magnetic meri-
dian. The bright elongated plasma bubble, a mixture of hot air and
debris, has already risen above the burst point. The magnetic field
inside the bubble is "frozen" into the plasma and stretched upwards.

The beta particles originating in the fission products are spiralling
along these stretched field lines to the edge of the bubble where they
change direction following now the undisturbed field, at its normal dip
of 30° to the horizontal, until they are stopped in the denser atmosphere.
This demonstration of the interaction of a plasma with the geomagnetic
field and of the discrete motion of particles, first in the deformed and
then in the natural field, is quite impressive. A more precise though
still qualitative description of another interaction of this type will

be the second major theme of this report.

In addition one observes in Fig. 2 the interaction of the upward-
moving shock with atamic species dominant at higher altitudes which emit
the red glow. The downward-moving front collides with the molecular
species of the lower atmosphere and contributes to the emission of the
green glow which is due to the nitrogen afterglow reaction
NO + 0= NOz + hye.




I. AIR FLUCRESCENCE PRODUCED BY X RAYS

The air glow demonstrated in the form of the bright sky light in
Fig. 1 has been the subject of extensive studies. It has great simi-
larities with the often brilliant emission from natural aurorae. Both
are produced mainly by electrons, in the first case by the photo-
electrons ejected from the air molecules as & consequence of the
absorption of x-ray photons, and in the second case by electrons origi-
nating in the solar atmosphere.

Essentially, in our case, the photoelectrons excite the various
electronic states of the nitrogen molecule and the singly ionized
molecular nitrogen ion. Characteristic emission occurs, a large
fraction of which can be observed in the visible and near visible wave-
length regions. These are mainly the 2P, second positive, and 1P, first
positive, systems of No and the 1N, first negative system of NZ s which
are shown in the energy level diasgram of Fig. 3. Emission from other
systems, such as from the singlets and the "forbidden" transitions in
the Vegard-Kaplen bands, occur in the invisible ultraviolet part of the
spectrum.

It is of interest to study the nature of the excitation process or,
in other words, the brightness of the excited mass of alr molecules
under the conditions dictated by the high-altitude events. The volume
of air exposed to the x rays emitted by the device is very large, in
contrast to the very small volumes one can use in the laboratory.

In laboratory experiments nitrogen gas of low density has been
bombarded with electrons of comparable energy by A. L. Stewart in
England and Sheridan, Oldenberg, and Carleton in this country. Elimi-
neting secondary excitation processes, cross sections have been deter-
mined for the most pcrominent emission, the (0,0) transition of the first
negative system of Ng at 3914 A, which correspond to a fluorescence
efficiency of 0.21;; j.ee 0.2 of 1% of the corresponding electron energy
deposited is reemitted in this one band. Also in the laboratory under




somewhat different experimental conditions, not excluding secondary
processes, Hartman and the author found for this band a conversion
efficiency of 0.35%.

During the 1958 and 1962 high-altitude test series, LASL physicists
conducted a whole series of experiments in which the air fluorescence
was observed spectroscopically, time integrated and time resolved along
many lines of sight, ground-based from Johnston Islend and from the top
of Mt. Haleakasla on Maui Island, as well as from a high-flying instru-
mented KC-135 aircraft. These lines of sight avoided the warhead itself
and bypessed the burst location at varying distances. Thus the light
originated in columns of air dosed--i.e. exposed to x rays--to varying
degrees. Close in to the source the dose was high, producing promptly
as much as 2 X 103 NJ ions/cc. At the largest distance and for the
lowest source strength, the prompt ion concentration was 2 x 108, still
a rather high number. The time history of the total emission from a
column depends on meny parameters; besides source strength and altitude,
factors such as distance of the line of sight from the burst, geometrical
details, and the resulting number of radiating ions play important roles.
Perhaps better expressed, the precise physical state of the column of
air at the times preceding the arrival of the photons at the sensor,
i.e. while in transit, determines their intensity. For example, photons
produced at a relatively low altitude will arrive at the sensor first;
other photons generated at a higher altitude, say at the altitude of
maximum energy deposition, will arrive later after passing through pre-
viously dosed air; and, finally, photons generated at still higher
altitudes must pass through a long column of heavily dosed air. During
passage through this air the light undergoes many resonance scattering
processes, with a consequent redistribution of the energy among other
trensitions in the system. For instance a 391k ?\. (0,0) photon after
reabsorption by N; in the ground state with a given population of the
vibrational levels has & 30% probability to be reemitted as a 4278 2
(0,1) photon and a roughly 10% probability to appear as a 4709 A (0,2)
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photon. Since the probability for reabsorption of the longer wavelength
photons is smaller, the relative intensities of the transitions seen by
the sensor may differ from "normal," i.e. from the distribution at
generation time. Thus in the case of high dose the observed 3914 K
intensity should be drastically decreased and the long wavelength
transitions enhanced.

This is what actually happened in practically all high-altitude
events of the 1958 and 1962 test series. As a typical example the
"normal" relative intensities obtained in small volumes of air in the
laboratory are shown in Fig. 4 together with the "abnormal" relative
intensities seen in the large volume of the highly dosed atmosphere of
the Starfish detonation. The actual Starfish spectrograms from which
these numbers were taken are shown in Fig. 5.

If one were tempted to derive from measurements of this sort the
fluorescence efficiency of air for a particular band, say for the 391k ?\.
band which is normally the strongest, one would encounter serious diffi-
culties and, indeed, one does. In such derivations one must compute the
energy deposited along & given line of sight using the characteristics
of the x-ray spectrum of the source and the absorption coefficients of
air; one then integrates the light output of the columm as function of
time using a nominal conversion efficiency factor. Comparing the ob-
served brightness values with the computed numbers, the apparent effi-
clency is obtained. This was done for & large number of observetions
taken on the Starfish, Kingfish, Bluegill, and Teak events; the results
for the 3914 A band are plotted in Fig. 6 as a function of the prompt
Ng density per square centimeter integrated along the line of sight
column. The trend of this graph, an apparent decrease of the efficiency
with increasing ion density, is due to the redistribution process des-
cribed earlier. Resonance scattering, i.e. self-absorption, shifts
energy away from the 3914 ?\. (0,0) transition to longer wavelengths.
Clearly further analysis had to be done to find the true source function.




In order to gain, first, a better qualitative understanding of this
imprisonment process, Jahoda, Mullaney, Stone, and the author designed a
relatively simple model to calculate the effects of increasing ion
density using the Monte Carlo method. Briefly, a given number of N; IN
photons (0,0; 0,1; 0,2; and 0,3 transitions) was generated with normal
intensity distribution in the center of a large cylinder of air and
emitted at random. The subsequent walk of the photons 1s governed by
the effective absorption cross sections, the fractional populations of
the ground state, and the Einstein coefficients of the various transi-
tions. For a series of constant ion densities the number and "color" of
photons emerging from the bottom of the cylinder was computed (Fige 7).
Qualitatively this model was most useful; a relative intensity distribu-
tion such as the one seen in the Starfish spectrum (Figs. 4 and 5) would
occur for 10% ions/cm® in the column. In reality, however, the number
of lons produced promptly along the Starfish line of sight was about
three magnitudes larger.

Consequently, calculations of this general nature had to be refined
to do Justice to the actual conditions, the exponential nature of the
atmosphere, the travel time of the photons, thelr residence time in the
excited states, Doppler broadening, and their exit angles. Ng is also
continuously removed either by charge exchange with Oz or by dissociative
recambinations. For the purpose of analyzing the raw field data shown
in Fig. 6, E. Bennett wrote a new Monte Carlo type "High Altitude
Resonance Absorption Code, HARAC" which was designed to reproduce field
conditions and to calculate apparent surface brightness for the four
ma jor bands of the first negative system. The basic parameters used are
tabulated in Fig. 8. As a result of these calculations the wide spread
of the observed efficiencies, from 0.007 to 0.91;, has been narrowed to
0.6 to 1.5% with & most probable value of 1% for 391k A.

This number is considerably higher than the laboratory data quoted
earlier; the reasons for this discrepancy remain to be resolved. The
total efficiency for the three main visible and near-visible band




systems comes to 5%, also a rather high value.

The observations of the high-altitude air fluorescence during the
1958 test series led to an interesting byproduct, namely to the con-
ception and the design, by D. R. Westervelt and the author, of a ground-
based detection system for nuclear explosions in space. The system was
subsequently reviewed by the U. S. delegation to the Geneva Test Ban
negotiations in 1959 and proposed to become part of an internatiomal
detection network. It was technically accepted by all participents.

Essentially the discrete emission of the powerful 391k ?\. band can
be observed in bright daylight for relatively small and distant sources
by means of all-sky optics, narrow bandpass interference filters (which
transmit 391k ?\. , but eliminate almost all sky light), and sensitive
photodetectors. A self-explanatory schematic view of the system, its
nominal detection range, and a typical signal shape are shown in Fig. 9.
The fluorescence efficiency of the 391k ?\. band enters dominantly in the
constant of the range formula, besides the optical, photoelectric, and
electronic components of the system.

II. BOMB DEBRIS EXCITED AIR FLUCRESCENCE
OBSERVATIONS OF THE MOTION OF DEBRIS

It was stated earlier that an explosion such as "Starfish" releases
approximately 70% of its energy in the form of x rays which travel to
distant points. A much smaller fraction of the yield appears in the
form of internal energy of the highly ionized bomb debris, part of which
is emitted as visible light in the course of the cooling process (the
"star" of Fig. 1). A third sizeable fraction, perhaps 20 to 25% of the
prompt yleld, shows up as kinetic energy of the rapidly expanding bomb
debris. This section reviews the interaction of this energy with the
environment .

Fortunately the debris motion manifests itself over a considerable
length of time by emission of light. The emission processes are more

15




complex than those described in the preceding section. FPart of the
light is due to recombination radiation in the debris material itself,
part is caused by the collisions of the heavy and fast-moving debris
ions with air constituents; light is also produced by the impact of the
hydromagnetic shock wave on the atmosphere; finally the stopping of beta
radiation from the decaying fission products leads to additional excita-
tion of air.

No attempt will be made in this context to describe these processes
in every detail. We confine ourselves to the analysis of the motion of
the debris on the basis of the photographic evidence which permits
interpretation of dimensions, color, and brightness as functions of time
in terms of mass motion and thus leads to a good qualitative understand-
ing of the complex hydromagnetic phenomena which govern the many phases
of the explosion.

The highly ionized debris particles travel at first with velocities
of the order of 10® cm/sec seemingly unimpeded through very thin but
partially ionized air. Eventually they are slowed down by collisions
but also by interaction with the environment through the geomagnetic
field. The debris plasma moving in the magnetic field induces electric
currents. The currents in turn produce forces which tend to change the
state of motion of the plasma, transferring the initial movement to the
surrounding gas, thus producing an Alfvén wave, i.e. a magnetchydro-
dynamic shock. This shock too is gradually slowed down by picking up
increasing amounts of air ions. Because of the inhomogeneities of the
atmosphere, of the ion densities within the atmosphere, and of the geo-
magnetic field, those motions are more complicated than those in the
following simple but illustrative example.

If in absence of air a bomb plasma of 1 kt = 4 x 10'® ergs kinetic
energy were generated in a homogeneous magnetic field of B = 0.5 gauss
strength, a "magnetic bubble" of about 100 km radius in the direction
perpendicular to the field lines would be formed. The energy content
of the field is B2/Bm ergs/cm®, the field pressure B2/8n dyne/cnf.
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Along the field lines, through the necks of the "bottle" where the field
exerts no pressure, the plasma would move unimpeded.

In the case of the Starfish explosion, the energies and therefore
the dimensions involved are much larger, air is present, and the
inhomogeneities mentioned earlier play a strong role. Four hundred
kilometers above Johnston Island (location 16.5° N geographic, 1k4.6°
geomagnetic) the field is diverging in the upward direction toward the
equator and converging in the northerly downward direction. Furthermore,
the radial field strength, radial from the center of the .earth's dipole,
decreases with R™3. Thus one would expect the formation of a very
asymmetrical bubble, perhaps similar to that shown in Fig. 10. One
would also expect to see beta rays and debris escape through the "necks"
toward north and south. Finé.lly, it was predicted by Longmire that
conditions would arise which favor formation of Taylor and flute in-
stabllities--similar to those that make magnetic containment of thermo-
nuclear reactions in the laboratory so very difficult--which in turn
enhance motion of plasma across the field lines and pertial venting to
very high altitudes and into near space.

All these phenomena were documented from photographic observation
stations on Johnston Island, Christmas Island, Haleakala, and in a high-
flying aircraft. The geographies of these locations and the approximate
fields of view of cameras are shown in Fig. 11l.

Good evidence for the bubble formation exists by looking from Maui,
Haleakenls, almost straight west (WSW). In order to be able to visualize
the delineation of the magnetic lines of force for a given view,

A. Petschek wrote a code which permits the projection of field lines

into the field of view of any camera. Figure 12 shows such a projection
for the view from Haleakals. A corresponding photograph taken a fraction
of a second after zero time is shown in Fig. 13. The bright spot near
the center of the frame is not light emitted by the bomb debris, the
disassembled material having travelled far at this time; it is rather

the light from the hot Thor booster. The booster was separated from the
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warhead long before explosion time but subsequently heated by collisions
with debris. The oval bright green glow delineates at this time the
spatial distribution of the debris, i.e. the "bubble" and the hydro-
magnetic shock front, light emission being predominantly due to excited
atomic oxygen, the green line. To the north one sees, dipping about 50°
to the horizontal, a yellow glow produced by the collisions of the
escaping debris, escaping through the bottle neck, and of the fission
beta rays with the lower, denser atmosphere. The yellow color in this
area does not quite represent the true source color because of strong
atmospheric absorption of the blue components in the long atmospheric
path near the horizon.

Moving now to Christmas Island and looking northwest, the burst
location appears almost exactly at the horizon. The projections of the
undisturbed field lines are shown in Fig. 14, and the brilliant color
display of the debris in a photograph taken at + 60 sec is seen in
Fig. 15. A comparison of the field projections and the auroral display
suggests that a large fraction of the debris is moving at first
tangentially to & line perhaps 200 km above the burst, not following the
bend of the field and indeed crossing the field lines in a noticeably
diverging manner. That the debris were coasting to great heights became
even more evident when viewing the same display from the aircraft looking
south. The airplane was flying 1040 km NNE from the burst. Here we see,
also at about + 60 sec (Fig. 16), the debris motion in the violently
distorted field, part of the debris going north, other debris south.
Almost 5 min later the strongly disturbed field has relaxed, i.e. it is
almost normal again, and the remaining debris material, mixed with
excited air constituents, is well aligned with the field. This is shown
in Fig. 17 which should be compared with the field line and star pro-
Jections of Fig. 18. Note the star images in Fig. 17 are slightly
blurred because of airplane motion during the 3-sec exposure duration.

Spectroscopic evidence like the sample reproduced in Fig. 19 shows
that the yellow glow in Figs. 16 and 17 is meinly due to the green and
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red "auroral" oxygen lines at 5577 and 6300 K , which in natural aurorae
are excited mainly by auroral beta rays and photons. The brilliant red
color in the surrounding space is the afterglow from the forbidden red
oxygen lines at 6300 and 636k A which were excited in this case by the
magnetohydrodynamic shock that has separated earlier from the debris.

Finally, it is interesting to note that these photographic observa-
tions of the debris motion to altitudes of at least 2000 km above the
equator (Figs. 17 and 18) are qualitatively in agreement with Van Allen's
measurements in the Injun satellite and also those of Brown and Hess in
Telstar I. Detectors in these satellites mapped the artificial radiation
belts produced by the beta particles emitted from the fission products
in the Jetting debris. From the ground air fluorescence was seen as far
south as Christchurch in New Zealand; field lines terminating in New
Zealand cross the equator at altitudes of many thousand kilometers.

A more detailed and quantitative analysis of these phenomena is

currently being conducted by J. Zinn and others. It will be presented
elsevhere.
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Fig.

1. The Starfish explosion at midnight of July 9, 1962, from Mt. Haleakala.
Ccamera shutter was opened before zero time and closed promptly at

explosion time. Bright spot in clowd, upper right, is moon.
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Fig. 5. (Continued) 5100 - 6900 A.
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X-RAY EXCITED AIR FLUORESCENCE (continued)




LOS ALAMOS
riarn LARORATORY

650269

VLLASE RE 1U5IDER
Y vunvk MEMRER




LE

Figo 50 (continued) 6900 - 8500 Xo
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FiG.
X-RAY EXCITED AIR FLUORESCENCE (continued)

MEWEL SPECTROGRAPH
LINE OF SIGHT
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ion density in */end]

L = thickness in cm
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Types of photons emerging from bottom of cylinder with source

located in center.
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First Rel.Int.Distr. Fractional Effective Absorption

Negative Einstein Coeff. Populations Cross Sections
System sec™* cn®/air ion
3914k (0,0)  1.07 X 107 872 2.5 x 1015
4278k (0,1) 35 % 107 .108 1.3 x 10-18
4709k (0,2) .08 X 107 .015 5.5 x 10-18
se28k (0,3) 002 x 107 .003 2.6 x 10-1°

N; Removal Rates:
Charge exchange with Oan: o =2 X 1072° em®/sec

Dissociative recombination: @ = 2 X 10°7 cm®/sec

Fig. 8. Source function and basic parameters of random walk - imprisonment
calculations for Ni, 1N.
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Fig. 9. Vela Sierra detection system (schematic).
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Fig. 10. Early rphase of form‘t;.ion of plasma bubble in geomagnetic
field (schematic).
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Fig. 13+ View of burst area, bright booster, "magnetic bubble,"” and air excited
by escaping debris and beta rays to the north (right) from Mt. Haleakela.
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Fig. 14. Projection of magnetic field lines into field of view of
camera located on Christmas Islend.
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Fig. 15.

Motion of Starfish debris as seen from Christmas Island at ~ + 1 min.
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Fig. 16. Burst at ~ + 1 min seen from aircraft flying near
French Frigate Shoal. Horizontal dimension of field
of view at burst distance ~ 1500 km.
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Fige. 17. Debris and shock excited air at + 3 min seen from aircraft.
Horizontal dimension of field of view at burst distance
~ 750 km. Compare with projection of field lines in Fig. 18.
Note slightly blurred star images. Exposure time 3 sece.
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Fig. 18.

ProjJection of geomagnetic field lines into field of view of
camera. Compare with Fig. 17.
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Figo 190

Spectrogram of debris streamer taken from aircraft carrier near Johnston Island.
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