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ABSTRACT

"The electromagnetic energy incident on ground-based antennas on Johnston
Island as & result of the five high-altitude nuclear bursts of the Fish Bowl series
was measured in the frequency regions around 925 Mc, 3000 Mc, and 34,500 Me
by the radiometric techniques described in this report. The data, recorded in
terms of antenna temperatures, are directly interpretable as physical tempera-
tures of the thermally radiating regions and allow the deduction of the attenuation
encountered by radio-frequency signals passing through the burst regions.

The peak micro-
wave temperatures were found to decrease with altitude

The fireball region of all shote was found to attenum 34,500-Mc
signals severely for several seconds and 3000-Mc signals for leveral minutes.

The one-way attenuation
on a radial path to the Blue Gill fireball was calculated to be 10 db for 34,500 Mc
at one second; for Tight Rope, it was 13 db for 34,500 Mc at one-half second.
The attenuation through the Star Fish burst region was demonstrated to be unim-
portant for microwave signals in the frequency reﬁ!on of 3000 Mc and above.

The noise, which would be injected into a radar receiver by high-altitude
bursts, can be calculated directly from the radiometric data obtained. A radar

system with a narrow beamwidth pointed directly at a nuclear burst

This situation rigorously restricts the ultimate sensitivi.y which can
be achieved by the use of low-noise receivers for radars to be operated in such an
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enrironment. The effectiveness of a nuclear burst as a generator of microwave
noise increases with altitude

The time history of the
temperatures of the burst region for the three microwave frequencies of the
radiometrlc measurements presented considerable insight into the physical
processes occurring during the high-altitude events. Electron densities and
recombination rates have been deduced from the radiometric data.
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CHAPTER 1
INTRODUCTION
1.1 OBJECTIVES

The primary objective of Lincoln Laboratory's Project 7. 2b
during the Fish Bowl Series was to measure the electromagnetic energy
incident on ground-based antennas on Johnston Island as a result of the
high-altitude nuclear bursts in the frequency regions around 925 Mc
(hereafter, L-band), 3000 Mc (S-band), and 34,450 Mc (K‘-band).

Five high-altitude tests were conducted during the series. These
are summarized briefly in. Table 1.1.

Quantitative data were obtained in all five of these tests. The
data recorded in terms of antenna temperatures are directly interpret-
able as physical temperatures of the thermally radiating regions and allow
the deduction of the attenuation encountered by radio-frequency signals
passing through the burst region,

1.2 BACKGROUND AND THEORY
Thermal radiation is the result of energy exchange of charged

particles caused by random interactions. These may take the form,



for example, of transitions of state of bound electrons resulting from
collisions with other particles. In the situation of interest to this investi-
gation, the ionized particles in the plasma generated by the nuclear bu.ut
interact with each other and with electromagnetic radiation ina free-free
type ‘transition. This bremsstrahlung results in a much broader spectrum
than that of the well-known synchrotron radiation gene rated by the inter-
action of the charged particles with the magnetic field. The primary
microscopic mechanism in the generation and absorption of the micro-
wave radiation investigated by the radiometric measurements reported
here is this free-free type transition occurring among the charged
particles produced by the nuclear burst.

For the case of a body in thermal equilibrium which absorbs
all incident radiation, the radiated spectrum is a universal function of
frequency characterized by the temperature T . The intensity of radia-
tion and the complete spectrum for such a black body is given in terms
of the temperature by the Planck radiation law. Other bodies may, for
a variety of reasons, radiate an entirely different spectrum. The radia-
tion at a given frequency may still be characterized by the temperature
of the black body which would radiate an equal amount at that frequency.
The electromagnetic energy received by an antenna is ultimately absorbed
in a matched resistive load. The signal power available at the input of

the amplifier from this termination is
PskT, B (1.1)

where k is Boltzmann's constant, T A is the effective antenna tempera-
ture, and B is the bandwidth. For an antenna enclosed in a black body

of temperature TM , it can be shown by use of Planck's radiation law

12



that the intuitive result, T AZ Ty is valid.
It is useful to consider the situation depicted below. Radiation

characterized by the radiation temperature Ts passes through an attenu-

ating layer before reaching the antennsa.

0 :
L
|
T (0] :
S T
-— M :
| - Ts
- |
<01 \
Tll-e —|—
|
|

If the absorption coefficient of the medium is a(f), the signal is decreased
by an amount
dT =.-a(f Tg &t o (1.2)

in traversing a vanishingly thin layer dl. For a uniform layer of thick-

ness, L , this may be integrated to give
«aL
TS(O) = Tse (1.3
where TS(O) represents the remaining signal at the nnte.nna.. In the hypo-
thetical case for which the medium is gemi-infinite in extent, the antenna

temperature must equal the medium temperature TM . Therefore, the

radiation temperature which originates in the layer of thickness, L, is
-
Ty g0 = Ty 1= D) (1. 4)
and the total antenna temperature is then

- -a
TA=TSe I"‘!"I‘M(l—e L) (1. 5)
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The factor e_a'L is the transmittance of the layer more simply designated
as T_ . The behavior of the antenna tempe rature may be inferréd from
this relation. If the attenuation is small, i.e., aL = 0, the antenna sees
the background temperature Ts . If the attenuation of the layer is large,
i, e., AL >> 1, the antenna temperature approaches the temperature of
the layer,and the contribution from the source Ts becomes negligible.
For the purpose of interpreting a typical situation, the tempera-
ture Ts may be considered to represent the sky background signal and
TM a layer formed by the burst either in the fireball itself or in the
ionized atmosphere. At low radio frequencies (i.e., less thana hundred
megacycles per second), the sky background temperature 'I's is many
thousand degrees (Kelvin). The objective of a well-known series of
measurements (Reference 1), which was carried out with riometers distributed over

oL and thereby determine

a wide area, was, infact,to monitor Tge -
the increase in the atmospheric attenuation in the frequency region 20 Mc
to 120 Mc following a high-altitude nuclear blast.

At the higher microwave frequencies at which the radiometers
of this project were operated, the sky background temperature T s be-
comes quite small (e. g., 20°K at L-band and 1°K at K‘-band) and, as
a general rule, does not contribute appreciably to the antenna tempe ratures.
During these measurements, the antennas were directed toward the fire-
ball, and this was the principal source of radiation and absorption,while
the intervening atmosphere was another potentially absorbing layer. The
a'ppropriate form of the antenna temperature relation in this situation is
then

T

A=‘TM’I‘B(1--TB)+'I‘M(l---'rM)-0-‘1‘s ™M B (1. 6)

where TB is the temperature of the burst region and Tp its transmittance.

14



It is of interest now to consider what result would be obuined

as a function of frequency under the assumption that the electron density
is considerably higher than that ?ix the intervening atmosphere. For the
sake of simplifying the discussion, it is also assumed that the tempera-
tures T A and 'I‘B are independent of irequency. At very low frequencies,
radiation is absorbed in the lower layer (TM = 0), and the antenna would
see the layer temperature TM . For higher frequencies, the lower layer
becomes transparent (7 M- 1) while the second region remains opaque
(1' = 0),and the antenna would see the temperature of the burst region

T For still higher frequencies (or lower electron densities), the

B’
burst region becomes transparent (T - 0)' and the anterma would see
through tho burst region. Examples of each of the se conditions will be
found in thc results. The second condition above, for which the antenna
temperature becomes approximately equal to the temperature of the burst
region, occurs often enough in practice to make the radiometric measure-
ments a valuable method of determining the temperature of the burst region
directly from the observations. The more observing frequencies that are
used, the better the individual quantities TB' T and Ve be determined
directly from the measurements. In some instances, additional independent
data, for example, optical estimates of TB , are necessary to determine
the Tg OF the absorption, explicitly from the radiomet:"y data.

The attenuation in decibels, Ly, = 10 log %d , of electromagnetic
radiation in an ionized medium may be related to the electron-ion density

by some of the relations found in plasma theory (Reference 2).

Thus,
n vdl

-2 e
L,,=4.6x10 — 3
M '[4'1 " +v

(1.7)

where n is the electron density, cm_3, Vv is the electron collision fre-

quency, and { is the frequency of the electromagnetic radiation in
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megacycles per second, Introducing the expression for v fora fully
ionized plasma and assuming a uniform layer of thickness L (in kilo-
meters),the expression for the attenuation becomes

2
2x10°3% L

Ly~ £ 13/% (1.8)

2 has been applied. This

where the appropriate condition 4ﬂz fz > v
relation is useful in making rough comparisons of the radiometric re-
sults with the physical conditions to the extent that they are known.

Aside from the above considerations, the use of high microwave
frequencies in this type of observation has the obvious advantage that
highly directive beams may be formed with relatively small antennas.
The burst area itself or nearby localized areas may then be probed
independently with increased sensitivity by the finer beamwidths.

It is necessary even in the case of narrow bumwidtiu to con-
sider the effect of the finite size of the beamn on the measurements. In

general, the burst region does not fill the beam completely, and the antenna

temperature is proportionately smaller than the source temperature, i.e.,

T A" f A Ty (1.9)
where { A is 3 beam-filling factor. (It is assumed for the moment that
the transmittance of the source is zero (TB = 0),) If the antenna beam
were a single conical-shaped lobe of constant gain throughout the solid
angle ) A with zero gain elsewhere, and the source of uniform tempera-

ture throughout the solid angle ﬂB which lies within Q0 A the filling

factor would be
Op
A

=1 for QB 2 QA (1.10)
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For a real antenna, however, the gain is not constant throughout the main
lobe,and some energy enters the antenna by way of its unavoidable sidelobes.
The gain patterns of the radiometric antennas at K ‘-band. S-band, and L-band
are shown in cross section in Figs. 1.1, 1.2, and 1.3, respectively. The
antenna temperature is then an average of the source temperature weighted

by the antenna gain function and is given by
j:f Tg () G() d

Q
T B : (1.11)

Il cmen
4

where QB is the solid angle subtended by the source at the antenna, and G(Q)
is the gain function of the antenna. In general, it is not possible to find a
complete solution of Equation 1.11 even for an idealized case in which G(Q)) is
represented by *n analytic function. However, it is useful to consider the
special case in whicha uniform source of circular cross section is centered
in the direction of maximum gain of the antenna. In polar coordinates
T AS f A ‘I‘B
where
Zﬂd’B
” Gl @) sin ¢ do do
¢ =29
AT
[[ cto.oraineas e

(1.12)

This integral has been evaluated numerically for the three radicmetric an-
tennas used in this project under the conditions stated. These results are
presented in Figs.1. 4, 1.5, and 1.6 for the Ka-band. the S-band, and the
L-band antennas, respectively,and are utilized extensively in the interpre-
tation of the data. One over-simplified conclusion to be noted is that for
K‘-band. fA ® 0. 9 during most of the time for each event,and at S-band

fA = 0. 8 during much of the measurement period of the three highest shots.

The role of several parameters which affect the measurements in an

incidental manner have not yet been discussed. The antenna signals were

17



measured at the input of the radiometer after passing through a length of
transmission line. These line losses were measured and appropriate cor-
rections applied to the measured signals to obtain the antenna signals, At
K‘-bmd the water vapor and the oxygen in the atmosphere nttemm;e th{
signal a small amount before it reaches the antenna. This loss (e M)
is a function of the local weather conditions and must be measured shortly
before the nuclear event. This was accomplished by noting the change in
antenna temperature as & function of the elevation angle by a method intro-
duced by Dicke (Reference 3). The contribution of the sky temperature Tg was estimated
from a measurement of the total antenna temperature in those cases for
which it conceivably might be appreciable. The total signal temperature
at the radiometer prior to shot time is
Tp=TgTy 'L+t Tml = ' LT T ) 4ane ToG  (1.13)
where TR is the resultant signal including the plumbing loss, 1, ;5 1y,
transmittance of the transmission line (i L® 1/line loss), and the term
2r € TG G, in which TG is the ground temperature, € its emissivity, and
G the average gain of the sidelobes subtending the ground,represents a
small, nearly constant contribution to the total antenna temperature from
the sidelobes which intercept the ground. Measurement of the total an-
tenna temperature at the input to the radiometer, prior to the nuclear
event, provides a valuable check not only on the atmospheric loss but also
on any change in the transmission line losses which sometimes occurs in
a tropical climate where moisture is prevalent.
The results which are given in the following sections are presented
in terms of the inc1ease in antenna temperature over its quiescent value
prior to the nuclear event and represent the contribution to the total an-

tenna temperature due to the nuclear effects. Corrections have been made

for the various systematic losses.
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TABLE 1.1 SUMMARY OF EVENTS

Event

Star Fish
Prime

Check Mate
King Fish

Blue Gill Triple
Prime

Tight Rope

Date

Oct., 20, 1962
Nov. 1, 1962

Oct. 26, 1962

Nov. 4, 1962

Altitude

km
400

Yield

1.3 Mt
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Figure 1.2 S-band antenna pattern, E-plane.
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CHAPTER 2
PROCEDURES AND INSTRUMENTATION

2.1 INSTRUMENTATION

The instrumentation utilized in the Lincoln Laboratory measure-
ments on Johnston Island during the Fish Bowl Series included four come=
plete radiometric systems operated at three widely separated microwave
frequencies. Measurements of the electromagnetic characteristics of
the nuclear bursts were made with these radiometers at K‘-band
(34, 450 Mc, vertical polarization), S-band (3000 Mc, vertical polari-
zation), and at L-band (925 Mc, vertical and horizontal polarizations).

The K‘-band radiometer used a 4-foot parabolic antenna which
provided a 0. 6° beam at the half-power level with a maximum gain of
48.5 db. The gain pattern in the E-plane is shown in Fig. 1.1. The
beam was nearly circularly symmetric,and the pattern in the H-plane
is quite similar to the one shown. Referring to the block diagram of
Fig. 2.1, the signal from the antenna pas sed througl'a a ferrite switch
which modulated the incoming signal at a 100-cps rate and compared it
to that generated by a resistive termination whose temperature was known.
A directional coupler between the antenna and the ferrite switch allowed
the injection of known signal levels from an argon noise source which
provided a convenient and reliable means of calibrating the difference in
power between the antenna signal and the reference level. The signal
out of the ferrite switch was converted to S-band by mi:d;tg it with the
output of a 31,450-Mc klystron oscillator in a Ka' to S-band balanced
mixer. This heterodyned signal was amplified in three series-connected

low-noise, wide-band, travelling-wave amplifier tubes whose output was
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detected in a coaxial-type video detector. The passband of the K'-band
system was 900 Mc wide up to the detector which narrows it to a few
megacycles and performs some integration.

The video signal at this point was recorded ina Precision Instru-
ment tape recorder to a bandwidth of 100 kc. The video signal was also
displayed on a Tektronix 545 oscilloscope where provision was made to
photograph several minutes of the signal to a bandwidth of 50 ke with a
Dumont Oscilloscope Camera, model 321A.

The first 50 microseconds of the video signal after burst time
was displayed on a Tektronix 551 oscilloscope and photographed with a
Fairchild camera, model 0-15A, This scope was triggered by the flash
from the burst by means of a fiducial marker generator provided by
Edgerton, Germeshausen and Grier, Inc. (EGAG). After the Star Fish
shot, the L-band video was substituted for the Ka-band video in this set-
up. The S-band video was displayed in this manner for all shots, but
the photo-multiplier tube was damaged by the brilliance of the Blue Gill
shot and failed to trigger for the last two shots.

The signal from the video detector was also amplified further
by a narrow-band amplifier and fed into a synchronous detector which
restored the dz level relative to the known reference signal. It was
then integrated in two channels, one with a 0, 1-second time constant
and the other with a 1.0-second time constant and recorded on a Sanborn
strip recorder, Two recording channels were provided for the 0.1-
second data to provide a wide dynamic range for the signal whose magni-
tude was unknown prior to the measurement. The sensitivity of the
1.0-second integration time channel was such that a temperature
variation of the order of 1°K could be detected. Since the sensitivity
is proportional to the square root of the integration time, the sensitivity

of the faster recordings was correspondingly less.
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The S-band system used an 8-foot dish whose beamwidth was 3°
at half-power points as shown in Fig. 1.2, with a maximum gain of
33,8 db. The S-band dish was servo-slaved to the K‘-bmd dish, and
their common pointing angle controlled by pe rsonnel in the van. A
closed circuit television camera was bore sighted on the K ‘-band dish
to monitor the field of view of the antenna and to aid in tracking the event.

The output of the S-band antenna after passing through a ferrite
switch was amplified at S-band in a TWT amplifier. The rest of the
S-band radiometer was identical to the K‘-band radiometer. The pass-
band of the S-band radiometer was 2600 Mc to 3500 Mc for the Star Fish
shot. Filters were added to narrow the acceptance band to 2750 Mc to
3450 Mc for the remaining events,in order to reduce the disturbance
caused by radar interference. The sensitivity of the S-band system
was better than 0. 3°K temperature change in the 1. 0-second integration
channels for most of the measurements but was degraded to about 3. 0°K
by interference during the Star Fish event.

The L-band systems used a disk-loaded rod array as a stationary
antenna. This array was arranged to provide two beams, one of which
was horizontally polarized and the other vertically polarized. The gain
profile of these beams,as seen in Fig. 1.3,had a 3.db width of 10° x 20°.
The maximum gain of each beam was 20 db. Two complete radiometers,
whose block diagram is shown in Fig. 2. 2, were used at L-band to process
the two polarizations separately. A solid-state switch was used to switch
between the antenna and the reference level at a 1000-cps rate. Tunnel
diodes were used as preamplifiers at L-band. These were followed by
L-band to 30-Mc mixers and transistorized IF amplifiers. The video
signals at the output of the IF amplifiers were recorded on the tape re-

corder and also were further amplified, synchronously detected, and
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integrated. The 0.1-second integration channels were recorded on
Sanborn chart recorders ;nd the 1.0-second integration channels fed
into self-contained battery-operated Rustrack recorders.

The. receiving bandwidth of the L-band radiometers was 4 Mc
centered at 925 Mc. A 10°K antenna temperature change in the 0. l-second
integration time channels could be reliably detected.

A Bolex 16-mm movie camera was mounted on the K‘-band an-
tenna to monitor the field of view of the antennas. The antennaspointing
angles were reccrded in analog form on a separate Sanborn recorder.
Time, in the form of AMR, B-1 code, was recorded concurrently with

the data in each recorder. The characteristics of all the instrumentation are
summarized in Table 2.1.

The trailer and antennas are shown in Figure 2.3.
2.2 EXPERIMENTAL PROCEPURE

The experimental procedure followed in making measurements
was quite similar for each nuclear test. Prior to burst time, the an-
tennas were pointed at the predicted burst point with the single exception
that, for Blue Gill, the L-band antenna was pointed 4° high to allow for
the anticipated rise of that fireball.

At approximately H-30 minutes, all systems were calibrated
by injecting known signal levels into the radiometers from their respective
standard noise sources, The systems were calibrated again after the an-
tenna temperature measurements for each event were completed. At the
end of the series, the noise source calibrations were checked against a
hot-cold load measurement. In this final calibration, the antennas were
replaced by resistive terminations which were cooled to 0°C and then
heated to 100°C. The calculated values of the noise sources in this

region were confirmed by this measurement.
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Measurements of the atmospheric attenuation at K‘-band were
made about an hour before burst time. The total pre-shot transmission
losses of the K‘-band and S-band systems were also checked by the
method discussed in the previous section.

The tape recorders and the recording movie cameras were
started at H-60 seconds. In the cases of the King Fish and Tight Rope
events, the pointing angles of the S-band and K‘-band antennas were
adjusted slightly a few seconds after burst to compensate for small
errors in the burst point. After the initial signals had subsided, the
antennas were scanned over the regions which seemed most appropriate
to each case. In general, the duration of the signals was too short to
permit a complete mapping procedure, but many of the significant
features were determined before the signals vanished. Only in the
case of Tight Rope was the image on the television monitor sufficiently
distinct after the first few seconds to serve as a good visual aid to the

scanning procedure.
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CHAPTER 3
RESULTS

The results in the interim report have been re-examined in detail and
supplemented with additional data from the faster channels. The corrections which
- have been made were minor, occurring principally during the beginning of the signalt

where the 0. 1-second integration channels were sometimes too slow to
follow the rapid changes closely. Where appropriate, the early time
response has been plotted on an expanded scale from the wide bandwidth
data. The precision of the data from the faster channels is, of course,
lower than that which is derived from channels with longer integration
times.

Initial examination of the L-band results indicated somewhat higher
(10-20%) temperatures for the horizontally polarized output. Subsequent
study of data taken of the sun at the field installation with this system
shows the same difference, which must be therefore ascribed to a differ-
ence in efficiency in the two sections of the L-band antenna. It was con-
sequently concluded that there was no appreciable difference in the data
recorded for the two polarizations at L-band for any of the nuclear shots.
The results presented here apply equally well to either polarization.

The Ka-band results presented here have been corrected for the
average atmospheric loss measured prior to each shot.

The antenna position angles for the Ka-band and S-band antennas
are plotted simultaneously with the antenna temperature data as a function
of time in order to allow interpretation of the effects of scanning the an-

tennas directly from the data.
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3.1 STAR FISH PRIME

The Star Fish burst occurred very close to the planned location,
thus presenting negligible error in the initial pointing angles of the an-
tenna. The radiation and debris from the Star Fish shot expanded essen-
tially unimpeded as a consequence of the high altitude (400 km) of the
burst. Unlike the lower shots, its boundaries were indistinct and its
geometric extension difficult to specify. Itis evident, however, that
it spread over a region much larger than that encompassed by the radio-
metric antetina beams in a very small fraction of a second,

3,1.1 K -band. In marked contrast to the results of the lower

shots, the antenna temperature change of the Ka-band system was less
than the minimum detectable signal of 1°K. As will be seen in later
discussion, this result is a consequence of the fact that the Star Fish
radiation did not increase the electron-ion density sufficiently in either
the burst region or in the intervening atmosphere to change the absorption
of K ‘-band radiation significantly.

3.1.2 S-band. At burst time the S-band antenna temperature

shown in Fig. 3.1 rose immediately by 42°K. (Note: The Star Fish
results were previously given in terms of the temperature change at

the radiometer and, therefore, smaller by the amount of the transmission
line loss.) The initial peak éecayed after a few seconds to a minimum of
7°K at 15 seconds and then climbed slowly to a broad secondary peak of
20°K in the next 30 seconds. This effect vanished after three or four
minutes.

3.1.3 L-band. The L-band antenna temperature shown in Fig. 3.2

rose immediately by 300°K at burst time, dipped to 80°K at 15 seconds,

and then rose slowly to 112°K at 40 seconds. It, likewise, vanished in
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three to four minutes.
3.2 CHECK MATE

The Check Mate burst was about 2° below and 2° east of the ex-
pected direction. The burst spread rapidly and filled the S- and K.-band
antenna beams in a small fraction of a second. Table 3.1gives representa-
tive values of the angle subtended by the diameter of the Check Mate fire-
ball at the radiometric antennas as taken by the Bolex boresighted camera
and from Reference 4. The burst wu'qulte
symmetrical, but the edges were irregular and indistinct, causing an

uncertainty of & 15% in the listed values.

The peak antenna temperatures recorded for the Check Mate shot were
considerably greater than anticipated and proved to be the highest en-
countered during the series at each frequency.

3. 2.1 K‘-band. The K ‘-band antenna temperature, as shown

in Figs. 3.3 and 3.4, rose to 2 peak value

It remained at the peak value for only a fraction of a
second before decaying rapidly in a nearly exponential manner, reach-
ing half value in less than 2 seconds and vanishing in about 60 seconds.

3,2.2 S-band. The S-band antenna temperature (Figs. 3.5 and

3.6) rose to a peak temperature

The decline was slower than K‘-band. half value occurring in about 6
seconds. At 40 seconds the temperature stabilized at about

Scanning the antenna upward by 10° to the new center of the burst showed
a slightly higher temperature in that region. Scanning the antenna down-
ward 60 seconds after the burst indicated a distinct bottom boundary of
the microwave source 3° below the burst point, although the antenna beam
was still overlapping the edge of the fireball. At 110 seconds the antenna

was scanned in azimuth across the nuclear cloud,and the width of the micro-
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wave source at the burst point elevation was found to be about 18°, (Note:
The angular motion of the antenna is equal to the azimuth change multi-
plied by the cosine of the elevation angle.) By 120 seconds the cloud was
about 104 cooler in the center,with the maximum temperature occurring
halfway from the center to the edge.

3.2,3 Le-band. The L-band antenna temperature (Figs. 3.7 and

3, 8) rose more slowly than for the other two frequencies, reachinga
peak
It

decayed somewhat more slowly than the S-band.
3.3 KING FISH

The King Fish burst occurred 0. 2° above and 1. 2° west of the
direction of the pre-pointed antennas. The peak antenna temperatures
were lower than those for Check Mate but similar in character and
duration.

The burst expanded asymmetrically upward. The angular di-

mensions in Table 3. 2were derived from E G &G photography on

Johnston Island and from the Bolex Camera mounted on the Ka-band

antenna.

3.3.1 Ka-band. The Ka-band antenna temperature (Figs. 3.9

and 3. 10) rose in less than 10 milliseconds. A small correction in the
pointing angle at seven to nine seconds had no obvious effect on the an-
tenna temperature. The rather abrupt changes in slope at 2 to 5 seconds
were not associated with antenna motion but were probably the result of
early time fluctuations in the fireball (Reference 5). At 15 seconds the bottom edge
of the microwave source was located 2° below the initial pointing angle.
The antenna was scanned upward starting at 18 seconds, encountering
somewhat higher temperature. The whole area became transparent to

Ka-band after 25 to 30 seconds.
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3.3.2 S-band. The S-band antenna temperature (Figs. 3.11 and

3,12) required about 1 second to reach a peak
At 60 seconds the upper edge of the S-band radiation source
was 30° above the burst point as a consequence of the fast rise and asym-

metrical expansion of the debris. Scanning the antenna in azimuth at

150 seconds indicated that the central region was then 20° in diameter
with a source temperature of about 100°K. At 250 seconds a northern
portion of the sky was scanned briefly in an attempt to detect the beta
patch, but no region of excess temperature was located.

3.3.3 L-band. The L-band excess antenna temperature for

King Fish, shown in Fig. 3.13, rose 650°K in 2 seconds and fell at
very nearly the same rate as at S-band. The smaller antenna tempera-
tures at L-band observed for the lower shots with their smaller fire-
balls are due primarily to the smaller fractional filling of the antenna

beam.

3.4 BLUE GILL TRIPLE PRIME

The Blue Gill burst was 1.6° below and 1° west of the expected
direction. The Blue Gill fireball proved to be quite difficult to scan
systematically, since it rose rapidly in elevation and its image on the
closed-circuit television monitor was not well defined after the first
few seconds. Therefore, the antenna elevation was raised periodically
to compensate for the anticipated rise. Supplemental data taken by the
Bolex movie camera boresighted on the antenna to record the scanning
aspect was unfortunately lost during laboratory processing.

The angular dimensions in Table 3.3 were furnished by EG&G.
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3.4.1 K.ia_ng. The Ka-band antenna temperature (Figs. 3.14
and 3. 15) rose 750°K at burst time and held this value for 2 seconds be-
fore climbing to a peak ' The temperature re-
mained near its peak value for over 30 seconds before dropping sharply
and disappearing after 60 seconds.

3.4.2 S-band. The S-band excess antenna temperature (Figs.

3.16 and 3.17) after a short initial impulse at burst time held a
value of 240°K for 4 seconds and then climbed slowly to a peak

After a few seconds at the peak value, it decayed some-
what more slowly than it rose. At 100 seconds the antenna was scanned
across the area, and the edge of the torus, which was well formed at

that time, was found to be considerably hotter than the central region.

The photographic record was indistinct earlier than 30 microseconds,and
quantitative data cannot be pre sented for that region. The technique used
for recording the very early time response (Chapter 2 ) was somewhat

of an incidental appendage to the radiometry system and was not nearly

as useful in obtaining data as the techniques for later times proved to be.
In addition to the anticipated handicap caused by the pe riodic switching

of the antenna signals by the radiometers, the fiducial marker failed to
trigger the oscilloscope for several of the events. In any future measure-
ments of this type, it is recommended that special receivers, separate
from the radiometers, be developed to investigate the first few micro-

seconds of the response.
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The electromagnetic impulse (Fig. 3.18) was calibrated in terms

of antenna power

Data from the tape recorder indicate that very
similar impulses occurred for the other shots, at least in those cases
where the impulses were not obscured by an immediate rise in the thermal
signal.

3.4.3 L-band. The L-band antenna temperature (Fig. 3. 19)

rose to 240°K shortly after burst. It held this value for several seconds
but then declined slowly to 190°K at 25 seconds before climbing to a new

peak of 350°K at 65 seconds. As previously indicated, the L-band antenna
was pre-pointed above the burst point, and the large secondary peak
appears to be the result of the rise of the fireball through the center

of the beam,

3.5 TIGHT ROPE
The Tight Rope burst was 3/4° above and 1/4° east of the pre-
dicted direction. Angular dimensions of the visible fireball are given

in Table 3. 4.

3.5.1 Ka-band. The K‘-band antenna temperature (Figs. 3.20

and 3.21) increased 300°K As in

Blue Gill, it held this initial value for about a second before climbing

The sharp drop at
12 to 13 seconds occurred shortly before the hole in the torus became

vigible.
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3.5.2 S-band. The S-band signal (Figs. 3. 22 and 3.23) ex-

hibited an impulse response at burst similar to Blue Gill and‘uttled

to .Z40°K in a fraction of a millisecond. It held this value 2.5 seconds
and climbed to a peak At 58 seconds the top
edge of the radiating region was 7° above the initial point,and at 68
seconds the bottom edge was 2° below the initial pointing angle. The
effect of the cooler hole in the torus was evident during this scan,

but its size was considerably smaller than the main lobe of the S-band
antenna. The signal decayed at about the same rate as the higher shots.

3.5.3 L-band. The L-band antenna temperature rose 55°K at

burst time (Fig. 3.24). The much smaller temperature change is con-
sistent with the smaller fireball gize relative to the broad L-band antenna
beam. The small signal combined with an uncertainty in measurement of
£ 10°K admits a fairly sizeable percentage error in this case, The in-
accuracy in the antenna temperature data in the other cases is less than

10% for the major portion of the measurement interval.



TABLE 3.1 ANGULAR SIZE OF FIREBALL, CHECK MATE

Time
seC

0.1
1.0
10.0
30.0 - 100.0

TABLE 3.2 ANGULAR SIZE GF FIREBALL, KING 7ISH

Time Horizou*' DNiameter Vertical Diameter
sec degrees egrees

0.1
0.5
1.0
6.0
10.0
20.0
40.0
60.0
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TABLE 3.3 ANGULAR SIZE OF FIREBALL, BLUE GILL

Time Outside Diameter Torus Qgening
sec Hodxizontd Vertical Ho;izonta rtical
degrees

egrees egrees egrees

o. ls
0.5

1.0
2.0
9.0
15.0
27.0
45.0
69.0
81.0
99.0.
102.0




TABLE 3.4 ANGULAR SIZE OF FIREBALL, TIGHT ROPE

Time Outside Diameter Torus g_gonin‘
sec Horizontal Vertical ertica
degrees degrees degrees

o.l
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Figure 3.1 Excess antenna temperature, S--band, Star Fish.
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CHAPTER 4

DISCUSSION

An important factor in the interpretation of the data is the inte-
gration effect of the antenna beam size, at least in instances in which
the main lobe encompasses an area greater than that which is being
ed. As previoualy indicated (Section 1.2 ), it is not possible
to obtain a complete solution for all the conditions encountered in prac-
tice. In order to provide a basis for interpreting the antenna effect, the
following procedure was adopted. The emission temperatures
(l.e., (1=-1) TB) for spherically sha;;ed radiators which would yield the
observed antenna temperatures during the time intervals of interest
were calculated. The radii of the hypothetical radiators were taken to
be equal to the average radius of the visual fireball (see Tables 3.1
through 3.4), and the centers of these spheres were located in the di-
rection of maximum gain of the antennas (Figs. 1.1, 1.2, and 1.3). No
attempt was made to account for the nonuniformity of the temperature
within the fireball proper except that data points were selected for the
direction of maximum antenna temperature. There is some experi-
mental justification for this approach in the fact that, with the exception
of the well-developed hole in the torus for Blue Gill and Tight Rope, the
antenna temperature was nota sensitive function of direction within the
fireball area. The results of these calculations are shown in Figs. 4.1,
4.2, 4.3, and 4.4 for Check Mate, King Fish, Blue Gill, and Tight Rope,

respectively.
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4.1 CHECK MATE

Referring to Fig. 4.1, depicting the calculated equivalent emission

temperature TB(I ~ 1) for the Check Mate shot, several observations
may be made.

The decay of the exceptionally high initial temperatures is very
nearly exponential over the time inte rval considered. The K‘-band
temperature dropped rapidly after one-half second, while the S-band
temperature remained relatively constant for two seconds before start-
ing the exponential decay. (The possibility of calculating the equivalent
temperatures at very early times is precluded by the initial error in the
burst position.) Consideration of this re sult in conjunction with the fact
that the K‘-bnnd temperature was confistently higher than the emission
temperatures at the other two frequencies for the lower altitude shots
during this time interval, but very much lower for the Star Fish shot,
leads to the conclusion that the Check Mate burst was bei:oming trans-
parent to K ‘-band radiation in less than one second.

At one and a half seconds the Ka-blnd temperature is one-half
the S-band temperature, the latter of which is presumably a good measure
of the debris temperature at this time. Therefore, the transmission co-
efficient for K‘-band at one and a half seconds is equal to one-half
(TB ~l1 /Z). which is equivalent to an attenuation of 3 db. Rough estimates
of the average electron density may be obtained by applying this result
to the expression for the attenuation in a fully ionized plasma (Eq. 1.8).

A uniform layer of thickness equal to the diameter of the burst is assumed.

3 at one and a half seconds. Likewise,

The results are n(e) v 6 x 1010 cm
the results shown in Figs. 3.5 and 3. 7 indicate that the transmission co-
efficient of the debris at S-band reaches the value of one-half at about

165 seconds, so that the electron density is then found to be nie) ~ 109.

This latter value leads to an estimate of the effective recombination
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coefficient, G =% ~b6x 10"‘2. The value of n(e) at 1.5 seconds is

consistent with this value of a if the original value of the electron

density no(e) ~2x10M em 3,

The attenuation through the fireball region may be obtained for
other frequencies from these values since, as shown in Eq. 1. 8, the
attenuation varies as the inverse square of the frequency. For example,
the attenuation at 300 Mc at t = 165 seconds would be 300 db, indicating
a formidable UHF-radar barrier for a period of minutes after the burst.

The fact that the L-band temperature is consistently lower than
the S-band temperature may be an indtcation that the L-band absorption
occurs in a cooler layer than at S-band. The uncertainty entailed in the
antenna beam c;:rrection for L-band is nearly as large as this fempen-
ture difference, however. The rise in the L-band antenna temp;rature
after three seconds is explained by the visual fireball spreading into the
antenna beam, but the distinctive dip at three seconds is a separate un-
explained effect which may be associated witha rapidly dissipated
absorption layer outside the fireball proper.

4.2 KING FISH

The equivalent emission temperatures calculated from the King
Fish antenna temperatures are shown in Fig. 4.2. The initial tempera-
tures decayed as an exponential function of time. The emission tempera-
ture at K‘-band was higher than at the lower frequencies for the first
five seconds. This behavior in conjunction with the results for the other
shots may be interpreted as concrete evidence that the Ka-band radiation

originates in a deeper (i.e., hotter) layer of the fireball. The other
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possible explanation, that the temperature was higher in the localized
surface area probed by the K‘-blnd antenna,seems to be refuted by the
small effect of scanning the beam within the fireball.

At about 12 seconds the K‘-band emission temperature falls to
half that of S-band, indicating 3 db of attenuation through the fireball
at K‘-bmd.
fireball diameter of 70 km and a temperature of 2100°K, leads to an

The

recombination coefficient estimated from this resultis @ "?xlf ~8x IO'Iz/sec.

4.3 BLUE GILL TRIPLE PRIME
The emission temperatures calculated from the Blue Gill antenna
temperatures are shown in Fig. 4.3.
tained its initial temperature for a much longer interval than the higher
The K‘-band temperature is considerably higher than for the
lower frequencies during this interval. This large difference emphasizes
a shortcoming in the geometrical model of the fireball assumed for the

emission temperature calculations. .

Without quantitative data on the extent
of this region,it is not possible to calculate emission temperatures until
after the effect of the ionized sheath has dissipated. An estimate of the
one-way attenuation of the sheath along a radial path between the fireball
and the antenna at one second for K‘-band may be made by extrapolating
the emission temperature in Fig. 4.3 to this time and applying the results

with the antenna temperature data from Fig. 3.15 to the relation
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P

T _
A*MTeFp=-"M M

{rom which the transmission coefficient TM 0. 094, and the attenuation

1
LA'?-LT ~10.6 = 10,3 db.

4.4 TIGHT ROPE

The Tight Rope fireball maintained its initial peak temperature for

a shorter period (Fig. 4.4) than Blue Gill.

As in the case of Blue Gill, an attenuating sheath of ionized atmos-
pheric material formed around the fireball within a few microseconds

after the burst.

The transmission coefficient of the sheath for K.-band along a
radial path could be calculated from the antenna temperature of 330°K
and the beam-filling factor of 0.8 at one-half second if the emission

temperature were known.

The inverse sqﬁare of the fre-
quency dependence for attenuation tran slates this result into 130 db at
S-band.

Scanning the antenna to the edge of the fireball at 60 seconds (see
Fig.' 3. 22) indicates quite decisively that the attenuation at S-band had
become negligible outside the visual fireball by that time, while the fire-

ball itself was still opaque to S-band signals. Furthermore, the sudden
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rise in the antenna temperature at 0. 7 second at K.-band.at 8 seconds at
S-band, and at 25 to 35 seconds at L-band strongly suggest that the attenua-

tion of the sheath was becoming negligible for these frequencies at these

respective times.

4.5 STARFISH PRIME
The microwave effects of the Star Fish shot were strikingly less
than for the lower shots. The debris region was quite transparent to
ra.di.ation at frequencies at least as low as S-band. It is not yet completely
clear whether that attenuation which was observed occurred primarily in
the debris region or in the atmosphere ionized by the burst. Since the
L-band temperature rose somewhat higher than the upper atmospheric
temperature, it appears likely that at least part of the attenuation occurred
_in the debris region. The emission temperature of the debris cannot be
deduced from the radiometric data alone,since the region was nearly trans-
parent to the radiometric frequencies. If the attenuation is assumed to
occur in a region with an emission temperature of the order of 10, 000°£(.
then from the L-band data at one second LB ~1.03 20,15 db for L-band
radiation and from the S-band data Lp w 1.004 = 0,017 db for S-band sig-
nals. On the other hand, if the absorption occurred in the ionized atmos-
phere with an assumed temperature ~ 300°, the S-band data yields

LM a1.15 = 0,6 db for S-band radiation at one second after burst.
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CHAPTER §
CONCLUSIONS AND RECOMMENDATIONS

The microwave radiometric measurements have provided quanti-
tative data on the amount of thermal noise incident on radar-type antennas
as a result of high-altitude nuclear bursts. These results are given ex-
plicitly by the radiometric data without need for eiaborate calculation or
interpretation. For example, a radar receiver with an antenna beam-
width of a few degrees or less must anticipate thermal noise input

The micro-
wave noise for intermediate altitudes scales very nearly linearly with
the altitude. At 400 km there is much less noise generated by the burst
since the debris is transparent to frequencies above S-band. The peak
noise temperatures appear to be nearly independent of the yield of the
weapon. The sensitivity of low-noise radar receivers will be sharply
reduced by this noise. For example, a receiver with a noise figure of 3 db
will become approximately 10 db less sensitive for a few seconds if its an-
tenna is pointing toward a burst, and false targets may be indicated by
target threshold circuits.

The attenuation results deduced from the radiometric data are
~ valuable supplements to attenuation data obtained by other means. Illus-
trative examples of the deductions are given in the previous chapter. A
reliable determination of the attenuation may be made {rom the radiometry
data directly in those cases in which the medium is partially transparent
to one of the radiometer frequencies at the same time that it is nearly
opaque to another (lower) frequency {rom which the temperature of the

medium may be determined.
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The attenuation of the Star Fish shot was negligible for K‘-band
and nearly negligible for S-band at all times.

The attenuation results from the radiometric data apply to one-way
semi-infinite path lengths in the direction of the antenna beams. The
attenuation for finite path lengths can be determined from the above re-
sults by considering the geometry of any particular situation of interest.

A great advantage of the radiometric method of determining attenua-
tion over the much inore complex and costly method of monitoring beacons
carried by probing rockets is that the transmission path and other experi-
mental parameters can be easily controlled. For the purpose of obtaining
attenuation data for more than one transmission path simultaneously, it

would be highly de sirable to utilize a multiple antenna-beam system in
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any future tests. Furthermore, the attenuation could be calculated more
accurately and more often if additional microwave frequencies were em-
ployed. For these reasons, the following radiometric parameters are
recommended for future tests.

Microwave Fregyencies, L-, S-, X-, K‘-,and F-bands

Antennas.  Parabolic with multiple feeds. Equal beamwidths

for all frequencies would greatly simplify the interpretation

of the data. A half-power beamwidth of about 1° would be a

reasonable choice. Several of the beams should probe the

fireball proper, and several of the beams should be aimed

10"to 20° away from the centers. A monopulse-type tracking

of the fireball by the central antenna beams would be an attractive

arrangement.

Radiometers, Conventional, comparison-type are desirable

for the time interval from a few milliseconds to several

minutes. For very early times, a simple directly con-

nected radiometer should be developed.

Recording,  Data reduction could be simplified im-

measurably by converting the radiometer output from

analog to digital form before processing. Strip-chart

analog recording should also be retained to provide

invaluable on-the-spot monitoring and diagnosis.

In the final analysis, the value of any experimental me asurement
must be judged by the extent to which it aids and encourages the invention
and development of successful physical models and theories. In order
that the resulting theories qualify as successful, they must predict re-
liably the outcome of hypothetical measurements over a wider range than
the original measurements. The ultimate goal of the aggregate of electro-

magneti: measurements on the high-altitude nuclear bursts was to foster
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the formulation of a description of the time-space history of the elementary
particles (including the radiation over the complete spectrum) involved in
the burst with sufficient detail to permit the prediction of the electromag-
netic blackout effects to be encountered in any fore seeable high-altitude
nuclear threat. In this context, the results of the radiometric measure-
ments were particularly rewarding. The time history of the emission
temperatures and the transmission coefficients gave considerable insight

into the physical processes.
The final re-

sults should prove to be of lasting value to both the theoretician and the

radar systems engineer.
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