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During the summer and fall of 1962 the U.S. conducted five high-altitude nuclear
tests near Johnston Island in the Pacific Ocean; these tests ranged in altitude from tens
of kilometers to 400 km, and in yield from low to 1.4 megatons. The relative phases and
field intensities of two U.S. Navy VLI stations (NPG at Jim Creek, Wash., and NBA
at Balboa, Panama Canal Zone) were measured at State College, Pa., during the tests,
and all except the 4 November 1962 test produced positive results.

Because of the geometry of the propagation paths and the burst point, enhanced

» D-region ionization was produced by neutron-decay beta particles on the NPG-State Col-
lege path, and by geomagnetically-trapped fission-decay and/or neutron-decay beta particles
on the NBA-State College path.

Concerning the NPG signal anomaly, the onset and maximum were practically instan-
tancous; this is consistent with the neutron-decay model of Crain and Tamarkin. The
perturbations of the NBA signal were delayed by minutes, for the four tests, and by tens
of minutes for the 20 October 1962 and 26 October 1962 tests; these delayed effects may
be ascribed to enhanced ionization in the lower ionosphere produced by geomagnetically-
trapped beta particles that originated in the radioactive decay of fission fragments and/or

the decay of neutrons.

Results of preliminary computations, based on tapered- and step-ionosphere wave-
guide models and Wait’s first-order theory for a variable height earth-ionosphere waveguide,

are presented.

1. Introduction

[t is known that high-altitude nuclear detonations
induce VLE anomalies not only in regions which are
line of sight to the burst but also in shadow regions
where VLI propagation paths are shielded by the
sarth from the direct X and gamma radiation and
particle flux. The VLE anomalies produced in the
shadow regions arise from an enhancement of ioniza-
tion in the lower ionosphere, caused primarily by
the bombardment of beta particles which have been
guided by geomagnetic field lines into the VLF
propagation paths.

A prompt, shadow-zone VLEF anomaly appears
within a few seconds of the burst, has a lifetime of the
order of seconds, and is related to the effects of neu-
tron-decay beta particles [Crain and Tamarkin, 1961].

Delayed, shadow-zone VLLE anomalies have onsets
within minutes and tens of minutes of the burst,
have a gradual buildup and decay, and usually have
a temporal variation which correlates with the longi-
tudinal drift times and energy spectra of the geo-
magnetically-trapped beta particles forming an
artificial radiation belt. Generally, the first delayed
effect relates to the longitudinal drift of trapped
beta particles from fission fragments, and the sec-
ond delayed effect relates to the trapped beta parti-
cles from neutron decay [Zmuda et al.,, 1963a
and 1963b].

2. VLF Phase and Field Intensity Data

During the U.S. 1962 high-altitude nuclear tests
the field intensities and relative phases of trans-
missions from NPG (18.6 ke/s) and NBA (18 ke/s)
were measured at State Clollege, Pa. The phases of
these stabilized VLE transmissions were measured
relative to a local reference oscillator having a fre-
quency stability of 1 part in 10° per day. To avoid
the slow response times of phase-tracking VLEF
receivers, an essentially delay-free photographic
recording technique was used in conjunction with
VLFE receivers having bandwidths of about 200 c/s;
this phase measurement technique is described by
Sechrist and Felperin [1961] and by Sechrist [1962]
who observed small, short-term phase perturbations
during geomagnetic disturbances. The field in-
tensity was measured simply by applying the RF
amplifier outputs of the VLE receivers to peak detec-
tor circuits and recording the d-c¢ voltage outputs
on a dual-track chart recorder.

The results of the VLE measurements obtained
during the nuclear tests are presented below.

2.1. Event of 9 July 1962

Concerning the 1.4-megaton and 400-km test!

1 Burst information contained in the paper by Brown, Iless, and Van Allen
[1963] listed in_the references.
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Freure 1. NPG field intensity and phase—9 July 1962.

of 9 July 1962, it should be noted that the detonation
time was 0900:09 UT, layer sunrise (50 km) at
State College, Pa., was 0903 UT, sunrise effects were
observed in the NBA phase data commencing at
about 0920 UT, and the magnetic K, index was 2
[Lincoln, 1962]. Essentially, both paths were in
darkness at the time of the detonation. The VLK
data may be summarized as follows:

(1) The NPG field intensity decreased from 3600
to 1500 wv per meter less than a second after the burst,
a decrease of about 7.8 db. Following a slight re-
covery, a nearly constant level of 2200 wv per meter
was measured between 10 sec and 1 min after the
burst. The field intensity recovered gradually with
2700 and 3300 wv per meter measured at H-+4 160 sec
and H-+5 min, respectively. Figure 1a is a plot
of the NPG field intensity for a 3-min period following
the burst.

(2) The NPG phase shifted immediately after the
detonation, and the maximum shift was estimated
to be 100 to 200 deg. Actually, the recording
oscilloscope trace went off scale for this measure-
ment. The initial and recovery phase rates appeared
to be about 28 deg per second and 10 deg per minute,
respectively. The solid curves in figure 1b show the
initial and recovery behavior of the NPG phase
while the dashed curve is believed to be a reasonable
estimate of the actual phase behavior during the
off-scale period.

(3) The NBA field intensity decreased gradually
from 1000 to 520 uv per meter at H-+3 min, a decrease
of about 5.6 db. Recovery was gradual with 720
wv per meter measured at H-+6 min and 1000 uv
per meter at H-+20 min. Figure 2a is a plot of the
NBA field intensity for a 30-min period following
the burst.

(4) The NBA phase began to shift 1.5 min after
the burst. The maximum phase shift of 118 deg
occurred between H-+6 and H-F10 min. The
initial and recovery phase rates were estimated to be
about 62 deg per minute and 2.4 deg per minute,
respectively. At H-+25 min the phase shift stabi-
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Ficure 2. NBA field intensity and phase—9 July 1962.

lized at 80 deg and remained nearly constant until
about H-+45 min when the effects of the normal
sunrise transition were observed. Figure 2b is a
plot of the NBA phase. Note the decrease in initial
phase rate near H-+3 min and the fact that it
coincides with the minimum in NBA field intensity
and layer sunrise at State College, Pa.

2.2. Event of 20 October 1962

Regarding the low-yield and tens-of-kilometers
tests ? of 20 October 1962, it should be noted that
the detonation time was near 0830 U'T, layer sunrise
(50 km) at State College, Pa., was 1051 U'T, and the
magnetic K, index was 2— (Lincoln, 1963a). Again,
both paths were in darkness. The VLK data may
be summarized as follows:

(1) The NPG field intensity decreased, within
seconds after the burst, from 3200 to 3060 uv per meter
at H435 sec, a decrease of about 0.4 db. The field
intensity then increased steadily to 3260 wv per
meter at H-+100 sec. Figure 3a is a plot of the
NPG field intensity.

(2) The NPG phase shifted within seconds after
the burst. The maximum phase shift of 9 deg
occurred at H4-35 sec, and the phase recovered to its
initial value at H4-115 sec. The initial and recovery
phase rates were estimated to be about 0.3 and 0.2
degrees per second, respectively. Figure 3b is a
plot of the NPG phase. Note the plateau region
near H-+70 sec.

(3) The NBA field intensity decreased at H-}14
min from 1100 pv per meter to 960 pv per meter
at H4-17.5 min, a decrease of 1.4 db. The field
intensity then increased to 1100 uv per meter at
H-+22 min. At about H+26 min, a second field
intensity decrease commenced and reached a mini-
mum of 920 uv per meter at H-429 min, a decrease
of 1.7 db below the initial level. At H-F34 min the
field intensity recovered to 1100 uv per meter.

2 Burst information contained in the international AGIWARN message of
20 October 1962.
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Ficure 3. NPG field intensity and phase—20 October 1962.
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Fraure 4. NBA field intensity—20 October 1962.
This was followed by a third decrease in field in-
tensity, beginning around H-+4-35 min, and one
near H-}42 min. It is believed that the observed
minima are burst-related and not natural pertur-
bations because the geomagnetic activity for this
period was relatively low. Figure 4 is a plot of
the NBA field intensity for a 35-min period following
the burst.

(4) The NBA phase remained essentially con-
stant following this burst, until the effects of the
sunrise transition were observed.

2.3. Event of 26 October 1962

With regard to the submegaton, tens-of-kilo-
meters test® of 26 October 1962, it should be noted
that the detonation time was near 1000 UT, layer
sunrise (50 km) at State College, Pa., was 1058 UT,
and the magnetic K, index was 44 (Lincoln, 1963a).
Again, both paths were in darkness. The VLF data
may be summarized as follows:

(1) The NPG field intensity decreased, within
a second after the burst, from 2630 to 2140 uv per
meter at H--20 sec, a decrease of about 1.8 db.
The field intensity then increased to 2250 uv per
meter at H-+4-60 sec. Following this, there were

# Burst information contained in the international AGIWARN message of
26 October 1962,
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Frcure 5. NPG field intensity and phase—26 October 1962.
several quasi-periodic fluctuations superimposed on
the field intensity and these can be seen in figure 5a.
[t is probable that the fluctuations may be ascribed
to the natural geomagnetic disturbance which was
in progress at the time of the nuclear test.

(2) The NPG phase shifted within a second after
the burst and reached a maximum phase shift of
4 deg at H+420 sec. The phase recovered tempo-
rarily to its initial value at H-+1 min; then it re-
versed sign and became —4 deg at about H--135
sec. The initial and recovery phase rates were
estimated to be about 0.2 deg per second.  Following
this, there were several natural quasi-periodic
fluctuations superimposed on the phase and these
are shown clearly in figure 5b.  Note the correlation
between the maxima and minima of the phase and
field intensity curves near H-+3 min, H+44.5 min,
and H-6 min.

(3) The NBA field intensity increased at H-4-2
min from 920 uv per meter to 1050 pv per meter at
H-+7 min, an increase of 1.2 db.  The field intensity
then decreased and reached a minimum of 580 wv
per meter at H-421 min, a decrease of 4 db below
the preburst level. The field intensity then in-
creased and reached 750 wv per meter at H--30
min. Figure 6a is a plot of the NBA field intensity.

(4) The NBA phase began to shift at about H-+5
min and reached 20 deg near H+17 min at which
time the phase rate increased markedly from 1.1
deg per minute to about 8.2 deg per minute. The
maximum phase shift of 82 deg was reached at
H+24 min and the phase remained essentially
constant until the effects of the sunrise transition
were observed. It should be noted that the time
of minimum field intensity coincides closely with
the time at which the phase reached its maximum
deviation. Figure 6b is a plot of the NBA phase.

2.4. Event of 1 November 1962

Concerning the submegaton, tens-of-kilometers
test* of 1 November 1962, it should be noted that

4 Burst information contained in the international AGIWARN message of
1 November 1962.
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Fraure 6. NBA field intensity and phase—26 October 1962.

the detonation time was near 1210 UT, layer sunrise
(50 km) at State College, Pa, was 1103 UT, and the
magnetic K, index was 2+ [Lincoln, 1963b]. The
NBA path was sunlit while the NPG path was only
partially in darkness. The VLF data may be sum-
marized as follows:

(1) The NPG field intensity increased, within
seconds after the burst, from 1530 to 1760 wv per
meter at H+420 sec, an increase of about 1.4 db.
The signal level then decreased to 1600 uv per meter
at about H-+2 min and remained essentially con-
stant. Figure 7a is a plot of the NPG field intensity.
It should be noted that solar flares generally cause
an enhancement of VLF signal strength and that,
therefore, the signal increase induced by the nuclear
test may be attributed to the sunlit condition along
a portion of the NPG path.

(2) The NPG phase began to change within sec-
onds after the detonation with a phase rate of about
1 deg per second. The maximum phase shift was
20 deg at H+4-20 sec. The phase recovered to its
initial value with a recovery rate of roughly 0.3
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Ficure 7. NPG field intensity and phase—1 November 1962.
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Ficure 8. NBA field intensity and phase—1 November 1962.
deg per second at H+41.5 min. Following this, the
phase appeared to oscillate slightly about an average
phase value of —2.5 deg. It is probable that these
quasi-periodic fluctuations were induced by the ab-
normal geomagnetic activity which was in progress
during this period. Refer to figure 7b for a plot of
the NPG phase for a 5-min period following the
burst.

(3) The NBA field intensity decreased slowly
from an initial level of 700 uv per meter to 570 uv
per meter at H-+10 min, a decrease of about 1.6
db. Small fluctuations were superimposed on the
field intensity curve during the decrease, as illustrated
in figure Sa. After H+410 min the signal level
was essentially constant at a value of 560 uv per
meter.

(4) The NBA phase began to shift at about H+45
min with a phase rate of 2.6 deg per minute. A
rather broad maximum deviation of 9 degs was
reached near H-+18 min. As shown in figure Sb,
small quasi-periodic fluctuations were superimposed
on the NBA phase curve, and these may be ascribed
to the natural geomagnetic disturbance in progress
during this period. The phase recovered, with a
rate of 1 deg per minute, to its initial value near
H-+30 min.

2.5. NPG and NBA Data Summaries

Tables 1 and 2 contain some of the important
parameters with regard to the VLE field intensity
and phase anomalies observed on the NPG and
NBA signals during the high-altitude nuclear tests.

3. Interpretation of VLF Data

On the basis of the foregoing data summaries
contained in tables 1 and 2, it is apparent that at
least three different VILF effects may be induced in
the shadow regions by high-altitude nuclear detona-
tions. First, the prompt VLF anomaly observed
only on the NPG signal appeared in varying degrees
of severity on the four bursts, and recovery was
well under way minutes after the burst. Second, the
VLF anomaly delayed by minutes, observed only on
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TABLE 1.

|
| 9 July 1962

Burst time._
LSR (50 km at State College)_.________
Kpyindex__

0903
2

-<1 sec

A T QT S
AR A XSS R —7.8db
Time of AEmax_ ______________________ | H45sec
Aponset._ . ____________ . | <1sec
Initial A¢/At. 28°/sec
Apmax_ . 100°-200°
Timeof A¢max___________.____________ H+4-5 sec

Recovery A¢/.\t 0.16°/sec

Recovery time_________________________

0900:090 T

H+5 min

NPG data summary

‘ 20 October 26 October | 1 November
1962 1962 1962
J 0830 UT 1000 UT 1210 UT
1051 1058 1103
\ = ¢haE 2+
| > 1 see <1 sec >1 sec
| —0.4dp —1.8db +1.4db
| 11435 sec H+4-20 sec H+-20 sec
>1 sec <1 sec | >1sec
0. 3°/sec 0.2°/sec 1°/sec
9° 4° 20°
H+35 sec H+20 sec H+20 sec
| 0.2°/sec 0.2°/sec 0.3°/sec
H+2 min H+1 min H+2 min

TaABLE 2.

NBA data summary

|
BuLS il c S —— .
LSR (50 km at State College)
1\,, index
AL onset

0903
2

AFE max.__ —5.6db

Timeof AKmax______________

A¢ onset

,,,,,,,,,,,,,,,,,,,,,,, 62°/min

Initial A¢/AL. -
A¢p max. . 118°
Time of A¢ max.__
Recovery A¢/At
Recovery time

2.4°/min

9 July 1962

0900:09 UT

H+1.5 min

1143 min
_| H+1.5min

H+8 min
430 min

—
1 November

20 October 26 October

1962 1962 1962
—— | —————— —
0830 UT 1000 UT | 1210 UT
1()')1 1058 1103

4+ 24
Il+14111m H+2 min H+5 min
H+26 min H+15min
—1.4db +1.2 db —1.6db
—1.7db —4db

H+417.5 min 410 min

429 min
[T H+417 min
! ,,,,,,,,,,,,,,,, 1.1°/min
8.2°/min

H+47 min
H+21 min
H+5 min IT45 min

2.6°/min

9°
418 min
1°/min

H+30 min

82
| 424 min

H+430 min lH-fﬂri'mrirn”

the NBA signal, appeared significant on the 9 July
1962 test, but subsequent tests revealed secondary

VLE effects commencing within minutes ‘l“(‘]' the
burst. Third, the VLI anomalies delayed by 15 to

25 min for lho 20 October and 26 October 1962 tosl\
were observed only on the NBA signal; they were
absent in the 9 vlul\' 1962 and 1 \()\(‘lll])(‘l 1962 data
probably because of sunrise and daytime effects,
respectively.

Before discussing the various physical phenomena
which may induce VLE anomalies in the shadow

regions, it is of interest to examine the two propaga-
tion paths with respect to the burst.

3.1. Propagation Paths

Table 3 presents the propagation path distances
and geomagnetic coordinates which are pertinent to
the interpretation of the VLI data. Note that the
Mellwain [1961] L-values are given for Johnston
Island, State College, NPG and NBA. It is interest-
ing to note several fortuitous relationships, namely:

(1) The propagation path lengths from State
College, Pa., to NPG and NBA are equidistant
(3500 km).

(2) The geomagnetic latitudes of NPG and State
College are practically equal.

(3) The geomagnetic longitudes of NBA and State
College are practically equal.

(4) The difference in geomagnetic longitude
between Johnston Island and the NBA-State College

path is approximately 90 deg.
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Tavre 3. Propagation paths and geomagnetic coordinates

| Distance
Station from State | Geom. lat. |Geom, long. L
College
|
State College, Pa____________ 52°N 10°W | 2.6
NPG. SRS 53°N | 66°W | 2.6
NBA_ - 21°N 12°W 1.2
Johnston Island______________ 14°N 104°W ‘ s 1.12
= — — - ‘ - —
a This is the £ value for the burst of 9 luly 1962 (Van Allen et al., 1963).

3.2. Prompt VLF Effects

The prompt VLE effects observed only on the

NPG signal occurred \\'ithin seconds after the
detonations. Because the NPG-State College path

is shielded by the earth from direct ionizing radiation
such as X-rays and y-rays created in the dctonutlon,
it 1s suggested that the Crain and Tamarkin [1961]
theory be invoked to explain the large phase and
amplitude excursions observed within seconds after
the detonations. In this theory, it is asserted that
prompt neutrons from the burst decay into protons
and beta particles, with a half-life of about 13 min;
the betas then spiral down the geomagnetic field
lines into the D-region of the ionosphere where they
enhance the ionization and cause increased absorp-
tion and decreased propagation times of VLE radio
waves propagating in the earth-ionosphere wave-
cuide. Of course, the geometry of the detonation
point and VLE propagation path must be such that



the geomagnetic field lines which intersect the
propagation path are within line of sight of the burst.

The neutron-decay betas are assumed to be
ejected isotropically, with an electron energy per
unit energy interval peaking at about 400 kev and
an end-point energy per unit energy interval of 780
kev. The neutron-decay betas must also be energetic
enough to penetrate through the upper atmosphere
and to produce ionization by Coulomb-scattering,
collisional detachment, bremsstrahlung, ete., in the
70- to 90-km altitude region. Bailey [1959] pub-
lished curves for the vertical penetration of charged
particles and showed that in the 70- to 90-km
height region the relevant energy range for protons
was 1 to 8 Mev, and 50 to 300 kev and above for
electrons. Electrons are primarily responsible for
the abnormal ionization causing the VLE perturba-
tion, because only the electrons have sufficient
energy and injection angles permitting ionization
over large volumes. Crain and Tamarkin [1961]
state that each neutron-decay beta causes multiple
ionization and thus several ambient electrons; for
example, a 300 kev beta will produce some 10*
ion-pairs on the average because the energy required
to produce one ion-pair is about 36 ev [Bailey, 1959].

In addition to the neutron-decay betas, Zmuda
[1963a] has suggested that betas from the radio-
active decay of fission products in the bomb debris
may also have been geomagnetically deflected into
the NPG-State College path; this would contribute
to the essentially instantaneous ionization enhance-
ment causing the NPG phase and field intensity
anomalies.

3.3. Delayed VLF Effects (1.5 to 5 Minutes)

A simple geometrical construction shows that the
NBA-State College propagation path will not be in-
fluenced by the prompt neutron-decay beta effects
of the 1962 tests, because the geomagnetic field lines
which intersect this path lie below the shadow cone
which is tangent to the earth’s surface and whose
apex is at the detonation point.

The VLF anomalies on the NBA signal, delayed
by minutes (1.5 to 5 min, approximately), are
explicable in terms of the eastward drift and energy
spectrum of the electrons comprising the bomb-
induced radiation belts which form in the geomag-
netic meridian through the burst point. The
trapped radiation is composed largely of electrons
produced in the radioactive decay of fission frag-
ments. Heller [1961] has computed the energy and
time beta ray spectra of fission products of U*® by
fission neutrons. Referring to the spectrum for the
burst time, the electron energy per fission per unit
energy interval has a maximum around 3 to 3.6
Mev. Also, Carter et al. [1959] have measured
spectral data for fission fragment electrons in the
energy range 1 to 7 Mev.

Assuming the geomagnetic field is approximated
by the field of a centered dipole, table 4 shows the
eastward drift velocity and drift times of trapped
electrons for geomagnetic latitudes near NBA and

State College, Pa. These velocities may be com-
puted using the equations of Hamlin et al. [1961].
Note that the drift time from Johnston Island to
NBA for 3.0 Mev electrons is 6 min which is com-
parable to the time of maximum phase shift observed
on the NBA signal during the 9 July 1962 test.

TaBLe 4. Longitudinal drift velocities and times of trapped

electrons

|
| Drift veloc.

Drift veloc. | J.I. to NBA | J.I to 8.C.
Electron energy (20° lat.) (50° lat.) drift time drift time
!‘ (20° lat.) (50° lat.)
2.1°/min | 3. 6°/min 43 min 25 min
2.7 | 4.6 33 19.5
3.2 | 5.6 | 28 16
4.8 8 | 18.8 11.2
15 26 6 3.5
17 29 5.3 3.1
18 31 | 5 2.9
45 80 | 2 ikl
60 100 i 1.5 0.9

Because the NBA-State College path lies approxi-
mately along a geomagnetic meridian (10°-12°W),
it forms a natural boundary to observe indirectly
the passage of the drifting, trapped electrons through
monitoring of the VLFE perturbations induced by
betas mirroring below 90 km. Because the per-
turbations in the NBA signal, for the 9 July 1962
test, commenced at H4-1.5 min, it is suggested that
electrons having energies near 14 Mev must have
caused the onset of the anomaly.

Thus, for the 9 July 1962 test, there is good
qualitative agreement between the temporal vari-
ation of the VLEF phase anomaly over the NBA-
State College path and the change of energy with
time of the trapped electrons drifting over NBA.
Any displacements in time of the respective VLI
anomaly and electron energy maxima could be
aused by the lag in the response of the ionosphere to
the ionizing mechanism, analogous to the relaxa-
tion time between the maximum electron produec-
tion rate and the maximum electron density ob-
served near noon in the normal, undisturbed iono-
sphere.

The above time correlation between the electron
energy and the VLEF anomaly maxima for the 9
July 1962 test suggests that the enhanced D-region
ionization responsible for the VLI anomaly over the
NBA-State College path was the result of ioniza-
tion produced in regions closer to NBA than State
College. Also, it should be noted that no delayed
effects were observed on the NPG-State College
path; this supports further the contention that
regions closer to NBA were perturbed by the ab-
normal ionization.

It is apparent from examination of table 2—
NBA data summary—that onset times of H--2
min and H-+5 min were observed for the field
intensity and phase anomalies for the 26 October 1962
test, and that onset times of H-+5 min were ob-
served for the field intensity and phase anomalies
for the 1 November 1962 test. Comparison of these
times with those in table 4 suggests further that a
time correlation exists between the VLE anomaly onset
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© tests.

times and the energies of fission-decay electrons.
For example, 10 Mev electrons have drift times
from Johnston Island to NBA of 2 min, 3.3 Mev
electrons have drift times of 5.3 min, and a drift
time Iof 5 min corresponds to an electron energy of
3.6 Mev.

3.4. Delayed VLF Effects (15 to 40 Minutes)

VLF anomalies delayed by tens of minutes (14 to
35 min, approximately) were observed on the NBA
signal for the 20 October 1962 and 26 October 1962
It is believed that these delayed anomalies
are explicable in terms of the eastward drift and
energy spectrum of trapped radiation composed
largely of neutron-decay electrons. Again, it is
assumed that the radiation belt forms in the geo-
magnetic meridian through the burse point. Refer-
ring to the spectrum of neutron-decay electrons
[Zmuda et al., 1963b], the electron energy per unit
energy interval has an end-point value of 780 kev
and a maximum around 400 kev. Table 4 presents
the eastward drift velocity and drift times of trapped
electrons for geomagnetic latitudes near NBA and
State College, Pa. Note that the drift times from
Johnston Island to NBA for 780 and 400 kev elec-
trons are 18.8 min and 33 min, respectively. Also,
the drift times from Johnston Island to State College
for 780 and 400 kev electrons are 11.2 and 19.5 min,
respectively. It is interesting to note that these
times are comparable to the onset times and times
of maximum VLE disturbance for the 20 October
1962 and 26 October 1962 tests. The correlations
between onset times and times of maximum VLF
disturbance and neutron-decay electron drift times
are not as marked as those for the 9 July 1962 test.
Nevertheless, it is believed that at least portions of
the observed VLE anomalies may be attribued to
the effects of neutron-decay electrons which drifted
eastward from the burst point and mirrored at
heights below 90 km along the NBA-State College
propagation path. For the 20 October 1962 test,
1t is possible that some of the field intensity minima
observed may be attributed to trapped neutron
decay electrons which drifted several times around
the world.

3.5. Quasi-Periodic VLF Fluctuations

The quasi-periodic fluctuations observed in the
VLF field intensity and phase data for the 26 October
1962 and 1 November 1962 tests may be ascribed
to the natural geomagnetic disturbances which were
in progress at the times of these tests [Sechrist, 1962].
An examination of geomagnetic micropulsation data
for the above dates revealed that quasi-periods of
20 sec and 1 min were present at State College
during the tests of 26 October 1962 and 1 November
1962, respectively.

4. Theoretical VLF Field Intensity and Phase Anom-
alies

It is beyond the scope of this paper to compute the
electron production rate as a function of height,
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time, and geographical location and to determine
the electron density-height profiles along a given
VLF propagation path. However, it is interesting
to assume plausible perturbed models of the earth-
ionosphere waveguide for the NPG and NBA paths,
and then compute the theoretical maximum VLF
phase and field intensity anomalies A¢ and AFE),
respectively, for the 9 July 1962 test.

4.1. NPG-State College Path

If one considers a burst altitude of 400 km for the
9 July 1962 nuclear test, it can be shown that the
geomagnetic field lines which intersect about 85
percent of the NPG-State College path are line of
sight to the burst point, assuming a dipole model of
the geomagnetic field. The remaining field lines
lie below the shadow cone which is tangent to the

earth with its apex at the burst point. Therefore,
assuming  that neutron-decay betas produce

enhanced D-region ionization along 85 percent of
this path, a first approximation to the earth-
ionosphere waveguide is a sharply bounded model
having a step ionosphere. That is, for the 9 July
1962 test, the undisturbed nighttime ionosphere
height is about 90 km over 15 percent of the NPG-
State College path, while the perturbed 85 percent
of the path is assumed to be lowered uniformly by
Ah to a constant height. A more realistic model
would probably have a tapered-step ionosphere
because the number of neutrons reaching relevant
field lines decreases with distance from the burst
point.
4.2. NBA-State College Path

Again considering the 9 July 1962 test, the burst
occurred on the L=1.12 shell which at the earth’s
surface has a magnetic latitude less than that of
NBA. No delayed effects were observed on the
NPG signal; there was a decrease In trapped
electron flux in going from the latitude of NBA to
that of State College [Hess, 1963]; and there was
a good correlation between the temporal variation
of the NBA signal anomalies and the energy con-
tained in the trapped electron drifting over NBA.
Therefore, it is reasonable to assume that a first
approximation to the earth-ionosphere waveguide
between NBA and State College is a sharply
bounded model having a tapered ionosphere. Thus,
the height of the ionosphere is assumed to increase
linearly with distance from 4, at NBA to A, at
State College, Pa., where %, is about 90 km for the
9 July 1962 test.

4.3. Waveguide Mode Theory for Variable
Ionosphere Height

Wait [1961] carried out an approximate analysis
for mode propagation in the earth-ionosphere wave-
guide with the height z=Ah(z) of the boundary vary-
ing with distance. He assumed that the ionosphere
is a sharply bounded ionized medium, and that the
rate of change of height with distance (dh/dz) is al-
ways small compared with unity. Following Wait’s
derivation, the vertical electric field is proportional to
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[ile)]m >4, exp I:——ik L zSn(x)dx] cos [lch(x)Z]
(1)

where A, are coefficients independent of z and z,
ke=2x/\, and S,(z) and O,(z) are dimensional factors
analogous to the S, and C, occurring in the conven-
tional mode theory for a constant height of the
ionosphere.

The important quantity which determines the
phase and amplitude of the nth mode is the exponen-
tial term in (1). That is

&0 I:—ich: Sn(x)dz:liexp [—ikJ:Re S,,(x)dx]
exp [k ﬁ " Tm Sn(x)dx:l. @)

Therefore, the attenuation of a mode n for propa-
gation from 0 to z is given by

Py——k f “Im S,@)de  (nepers) 3)
J O

and the phase, for mode n, rom 0 to z is given by

b=k f “Re S,(x)dz  (radians). (4)
J O

The Re S,(x) and Im S,(z) were computed for
given normal and perturbed models of z=h(z), and
the differences between normal and perturbed P,
and ¢, were AK and A¢, respectively. Only the domi-
nant mode n=1 was considered in the preliminary
computations and the influence of earth curvature
was included in the manner of Wait [1961].

4 4. Results for Step-Ionosphere Model

Using the equations presented above, A and
A¢ were computed for a step-ionosphere model and
a propagation path length of 3500 km, corresponding
to the NGP-State College case. The results of these
computations are presented in figures 9 and 10
which are plots of A¢ and AE, respectively, versus
percent of path perturbed, and the parameter Ak
ranges from 10 to 40 km.

As an example, the 9 July 1962 test perturbed
about 85 percent of the NPG-State College path
because of neutron-decay beta effects, and the maxi-
mum phase anomaly observed was in the 100- to
200-deg range. Referring to figure 9, this would
suggest a Ak value of roughly 20 km which compares
favorably with the diurnal height change of the
reflecting layer for VLF waves.

However, referring to figure 10, a AE value of
—1.5 db is indicated for the change in field intensity,
and this differs markedly from the 7 to 8 db of
maximum attenuation observed in the NPG signal
for the 9 July 1962 test.

300+
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PERCENT OF PATH PERTURBED

Frcure 9. AQ for a step ionosphere model.

A E (db)

PERCENT OF PATH PERTURBED

Ficure 10. AE for a step ronosphere model.
4.5. Results for Tapered-Ionosphere Model

AE and A¢ were computed for a tapered iono-
sphere model and a path length of 3500 km, cor-
responding to the NBA-State College case. The
results of these computations are presented in
figures 11 and 12 which are plots of A¢ and AE,
respectively, versus (h,—h,), and the parameter h,
ranges from 70 to 90 km.

As an example, the 9 July 1962 test perturbed the
NBA-State College path in regions near NBA, and
the maximum phase anomaly observed was about
118 deg. Referring to figure 11, this would suggest
an (h,—h,) value of about 25 km, assuming #, equals
the normal nighttime value of 90 km.

Referring to figure 12, a AL value of only —1
to —2 db 1s indicated for the field intensity change,
and this is about 4 to 5 db less than the maximum
attenuation observed in the NBA signal for the
9 July 1962 test.

More accurate and detailed computations of the
theoretical field intensity and phase anomalies, in-
cluding the effects of higher-order waveguide modes
and a nonsharp ionosphere boundary, will be carried
out and reported in a future paper.
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Fiaure 12. AK for a tapered ionosphere model.
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