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Abstract

The present report contains further analysis of the radiation data
obtained by satellite Explorer IV, 1958 Epsilon, especially for ARGUS
chafged particle geomagnetic field trapping. The present work was
undertaken to supplement the previous analysis (Lundquist, Naumann and
Weber, J. Geophys. Res. 67, 4125 (1962)) for the naturally trapped
radiation.

Directional count-rates (using the original telemetry data from the
scintillation counter, Detector A, Channel 2) as a function of time
and 6 (angle between counter and plane perpendicular to geomagnetic
field) are plotted and analysed'with comparison of Natural and ARGUS
trapping for two passes of the satellite over Huntsville, Alabama.
Complete analysis of all data acquired by Pass 414 (including ARGUS
Event I data) is presented as an example of the detailed analytic pro-
cedure which is required, with partial analysis of Pass 454 (Event II)
included for comparison. The true (corrected for deadtime, effective
counter area and efficiency) count-rate vs @ curves were reduced ana-
lytically to obtain angular distributions of the directional charg:d

later~l) vs @' (angle between

particle flux densities, J(6') (cm™2sec”
direction of J and counter axis).

The results indicate that the Natural angular flux density distri-
butions are roughly constant in shape for nearly the same region in
space in agreement with previously published results. PFor ARGUS re-
gions the angular distribution of the directional radiation 1s deter-

mined for time periods in which the background omnidirectional pene-



trating radiation (recorded by the G-M counters, Channels 1 and 3) 1is
sensibly constant. Sudden changes in the omnidirectional background
counting raté are shown to modify the shapes of the count-rate versus

6 curves which correspond to individual modulations of the scintillation
detector coqnt-rates for Pass 414 in the ARGUSAregion. it is concluded
on the basis of the limited data completely analysed that the corres-
ponding angular distribution of the directional radiation in space, and
therefore also the related mirror-point q1stributions, for ARGUS trapped
particles are affected quite'markedly by the omnidirectional penetrating
radiation present as background. ARGUS particle fluxes observed were
1.0-1.9 x 108 ana .65 x 10% cm2sec™lster™! for Passes 414 (Event I) and
454 (Event 1I) respectively. .

Omnidirectional count-rates (Detectors C, unshielded G-M counter,
Channel 3; D, shielded G-M counter, Channel 1) versus time are presented
for Passes 414, 415, 416, 427, uMO, 453, US54, 466, and 479 following
Event I, and for Passes U453, usl, 455, 466 and 479 following Event 1I.

Some broad energy dependence of the omnidirectional radiation is
shown by plots of both the ratios of, and the differences between, the
unshielded and shielded G-M count-rates which were obtained for the same
set of Explorer IV passes. Time decay curves of the omnidirectional
ARGUS trapped radiation were constructed for constant L both for the
unshielded G-M count-rates and the ratio of unshielded to shielded
G-M count-rates. The ratio curves for L = 1.72 and 1.73 (Pig. 5.4)
indicate an unexplained radiation hardening-softening-hardening sequence.

The Explorer IV roll-period history was studied in some detail in the
region of the reported (Neumemn, 1961) anomalous behavior. Using a

i1



power spectrum analysis of the count-rate modulations of the direc-
tional scintillation counter (Detector A) it is shown, as suggested
by J. Bock (1964), that there is no anomalous roll-period disconti-
nuity if beat and harmonic frequencies (of the roll and tumble rates)
are.recogni?ed and eliminated (see Fig. 3.3 of present report).
Considerably more data remains to be analysed to verify more posi-
tively or modify the tentative conclusions concerning directional
particle distributions for both the natupal (especially pre ARGUS)
and ARGUS yrapping, to determine natural and ARGUS mirror-point dis-
tributions and trapping mechanisms, and to explain certain features

of the omnidirectional radiation energy dependence.

111



"Analysis of ARGUS/Explorer IV Records"
hapter 1

Introduction

The present report includes a further analysis of the large amount
of geomagnetically trapped particle radiation (due to both natural and
ARGUS injection) data obtained by Explorer IV, satellite 1958 Epsilon,
during July - September 1958.

A previous report (Lundquist, Naumann, and Weber, J. Geophys. Res.
67, 4125 (1962)) presented an analysis of the naturally trapped radi-
ation as detected by the directional scintillation counter (Detector A,
Channel 2) on board the satellite and telemetered from Explorer IV to
the Huntsville, Alabama ground station.

The present work was centered on ARGUS type trapping and was in-
tended to supplement the previous report. The objectives were to apply
analysis similar to that employed for the naturally trapped particles
(op. cit)d to the directional ARGUS trapped particles and also to attempt
further analysis of the omnidirectional penetrating radiations, both for
naturai'and ARGUS trapping, using the data obtained by the G-M detectors
(Detectors C and D, Channels 3 and 1).

The following chapters of the present report develop tnhese objectives

and present all results so far obtained.



Chapter 2

Satellite Explorer IV Instrumentation, Motion and Telemetry
2.1 Instrumentation. Calibrations

A complete description of the detection instrumentation has been
published by Van Allen et al, (1959 a, b). A block diagram showing
the arrangement of the 4 detectors (A, B, C, D) and the corresponding
telemetry channels 2 and 5, 4, 3, 1 is shown by Fig. 2.1. A sketch
of the physical arrangement of components in the satellite is shown
by Fig. 2.2. A summary of the characteristics of the four radiation
detectors is given in the literature (Table 1, Van Allen et al, 1959b).
Both the scintillation counter and the G-M counter count rates must
be corrected for deadtimes (op. cit.). For Detector A, the plastic
sc1nt1liator-photomultiplier counter and associated electronics, the

deadtime correction is accomplished by the equation

C=Cops 7/ (1~ 7 Cops ) ;

vwhere CObS is the observed counting rate, C is the true
counting rate, and '5 is the deadtime (92 microseconds).
For Detector C, the Anton 302 G-M counter, the equation
-1] (;

’

C = C e

obs

where ¢ (more properly defined as deionization time, rather than
deadtile; = 62.5 ¢ 1.3 microseconds, was used (op. cit.). A plot of
Eq. (2.12) is shown by Fig. 2.3. A discussion of the actual deadtimes
used in the present analysis follows,

2

(2.11)

(2.12)
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In the present work both the and T values of Vuan Allen

TD
were checked. The value of T' = 62.5 + 1.3 microseconds was con-
firmed. However, for Detector A count-rates near a maximum of 10“
per sec were observed in the telemetry records (Pass 41U4). Consider-
ing 10” perl sec as the saturation counting rate yields (setting de-
nominator of Eq. (2.11) to zero) T = 100 microsec. In turn,
Baicy et al (1962) determined TD as 112 microsec. Since Baicy's
value of ro would permit a maximum G Obs ol' about 9000 per
sec only, it was concluded (for the present work) that the prototype
detector calibrated by Baicy had a TD differing from that of the
detector actually flown in Explorer IV.

It was decided, in the present analyses, to use tD = 100 microsec
for Detector A, a somewhat arbitrary decision. Such decision is how-
ever necessary in the absence of detalled calibration information. It
should be emphasized that any uncertainty in TD will be reflected
in the shape of the directional flux density J(e') curves of
Chapter 4. The maxima of these J (9.) curves, near 9' =0 ., will
be especially sensitive to the '!'D value used,

Additional calibration information especlally for the directional
scintillation counter (Detector A) was determined for a prototype pack-
age (Baicy et al, 1962), as follows.

1. Detector A. The pulse height discriminator of the Detector A circuit
(Pig. 2.1) had a threshold of 700-KeV for electrons. The deadtime
for the circuit was measured electronically as 112 microseconds.

The discriminator threshold for gamma-rays was between 0.66 and 1.17 MeV.

The gamna radiation was penetrating enough so that small shielding effects



were not observed. No multiple scattering into the detector from
other parts _0'1‘ the package was evident. The X-ray calibration es-
tablished a 1 MeV photonlc threshold; detector window response curves
demonstrated the existence of a directional plus a penetrating omni-
directional component; and with increasing energles, the omnidirec-
tional component obscured the directional component. The calibration
indicated that the half-width angular response curve for photonic radi-
ation is about 30% broader than that obtained for electrons (Fig. 4.2).
Over the measured energy range (0.2 to 1.5 MeV), the angular response

curves were found to be almost independent of energy. The discrimi-

nator transmission efficiency € and effective area, A ef f for B-rays
were
€=0 €A =0 for E< 700 KeV, (2.13)
' eff _ :
€=3 %, lAe"- 0, 82 mm‘ for E > 700 KeV (2.14)

The calibration data noted by Eqs. (2.13 and 2.14) were employed
in the present work for the calculations of directional electron fluxes.
For an average photon energy of 1.25 MeV, the omnidirectional factor

was

(‘ Aef f)omni = 6.29 x 10°2 m? o (2.15)

2. Detectors C and D. The counters were identical Anton type 302 G-M
tubes located side by side with a center line separation of 3.6 cnm,

with Detector D having additional shielding (Van Allen et al, 1959b).



The output of the G-M tubes and associated circuitry began to saturate
at approximately 2000 counts/sec for photonic radiation. An analysis
of observed éounting rate for pass 414 indicated saturation was at
approximately 5800 counts/second. A further increase of
radiation flux produced a decrease of count-rate. The G-M tubes were
much more efficient for photonic radiation than Detector A. No counts
were obtalned for electrons up to 1.5 MeV due to the satellite shell
stopping power of 1,2 gm/cmz. Because o; low conversion efficlency,
it was not possible to observe any bremsstrahlung produced by incident
electrons on the satellite shell. The omnidirectional effective areas
for Detectors C and D were found for photons (Baicy et al, 1962).
Detector C was shielded by 1.2 gm/cm2 of stainless steel. If the
shielding were aluminum, the extrapolated range would be given as a

function of energy by Marshall and Ward (1937)

Re-asst -~ 0.094,

where R, is measured in gm/cm2 and E in MeV. Equation (2.16) yields
the absorber thickness for 10 percent transmissjon for electrons of
energy E. The range for 50 percent transmission of electrons is, same

units as Eq. (2.16),

R, " 0.38E - 0.1,

To obtain the thickness of aluminum equivalent to a given thickness of
another absorber of nucleon number A, the cbsorber thickness is multi-

plied by the factor (Husain and Putnam, 1957)

(24 (21a).

(2.16)

(2.17)

(2.18)



The 1.2 gm/cm2 of stainless steel ( Z = 26 ) therefore are equivalent
to 1.u46 gm/cm2 of aluminum, the extrapolated fange corresponding to
2,95 MeV electrons. For 50 percent transmission the electron energy
is 4,1 MeV. These ranges correspond favorably with the published
values (Table 1, Van Allen et al, 1959b).

The equilibrium flux-energy beta-ray spectrum of U235 was reported
by Carter et al (1959) as

N(E) = 3.88 exp ( -0.575E -0.055E° ), (2.19)
where E is the B-ray kinetic energy in MeV, and N(E) is the absolute
differential spectral intensity of B-rays in electrons per fission per
MeV. The integrated fluxes have been obtalned by numerical integration
(Van Allen et al, 1963) whence the fraction of electrons of energy
greater than 3 MeV is 7.7 x 1072, .

Detector D had 1.6 gm/cm2 of lead in addition to the 1.2 gm/cm2 of
stainless.steel. The total shielding 1s equivalent to 3.28 gm/cm2 of
aluminum which corresponds to an extrapolated range of 6.2 MeV electrons.
The fraction of electrons of energy greater than 6.2 MeV is 1.6 x 10'3,
approximately.

The‘éfriciency of the G-M tubes for the direct counting of penetra-
ting electrons and for counting non-penetrating electrons via inter-
mediate bremsstrahlung, assuming a fission spectrum of B-rays, should be
investigated. Motz and Carter (1963) studied the response of an Anton
302 @-M counter to a fission B-spectrum. They found that up to about
2 gnch? of lead absorber, the transmission curves were as expected for
B-transmission; however, for greater thicknesses the transmission was

enhanced by bremsstrahlung. The shielding of Detector D is equivalent

to 2.16 gn/clz of lead thus indicating bremsstrahlung production should

be considered.



2.2 Body motion of Explorer IV

The sateilite Explorer IV was injected into Brbit July 26, 1958
at approximately 1500 UT at a longitude of 264.82 degrees East, a
latitude of 12.95 degrees North and an altitude of 368.2 km. The
initial perigee of the orbit was 163 miles, the apogee 1380 miles,
period 110.27 minutes; the inclination to the equatorial plane 50.29
degrees, Eccentricity of the orbit was 0.1297. The nodal shift per
revolution was 27.9 degrees. The 1nJection pitch flight angle was
89.6 degrées, the yaw flight angle 0.8 degrees.

Figure 2.2 1s a sketch of the satellite showing dimensions and
configuration. The total weight was 38.4 1bs of which 25.8 1bs was
instrumentation. The center 6f gravity was located 45 in. from the
nose. The moment of inertia about the long or 2’ -axis was 0.50 in,
1b secz, about the X'-axis, 42.0 in. 1b secz. The cross sectional
area was 30.7 sq in., the maximum visible projected area, 458 sq in.
The skin of the satellite was stainless steel which had been given a
fine sandblast resulting in an emissivity 0.54 and 0.46 for the wave-
length range 8-12 microns.

Electrically the skin of the satellite was divided into three in-
sulated sections as shown in Fig. 2.2. The nose cone and instrument
section (designated by L ) served as the antenna (asymmetrical dipole)

for the low power (10 mw) 108.00 mc-sec™

transmitter. The two middle
sections served as the antenna (symmetrical dipole) for the 108.03
. me-sec”} high power (25 mw) transmitter. The resulting antenna radi-

ation patterns are sketched in Fig. 2.4,



At the separation of the second stage the satellite was spinning
about the Z -axis (Fig. 2.2) at a rate of 24 = .radians/sec. This
Z ' -axis spin represents a maximum energy configuration. As rota-
tional energy 1s dissipated (through vibrational friction since
the satellite is not completely rigid) conservation of angular momen-
tum required an increase in moment of inertia about the L-axis to com-
pensate for decrease in angular velocity. Hence the motion changes
from pure spin (or roll) about the (longitudinal) symmetry axis
(A, Pig. 2.2) of the satellite to a more complicated motion of spin
and tumble. The rate at which this transition occurs depends on the
energy dissipation rate. The transition from the initial pure spin
to nearly pure flat or propeller-like motion was observed to occur in
about 9 days. This transition was confirmed by the calculations of
Snoddy (1959) which showed that the temperature varigtions of the
satellité could be explained by the increased averagé surface area
presented to the sun Af the opening angle, between the pure spin axis
and the spin-tumble axis, § (Pig. 2.5) would increase about 10 degrees
per day. The transition from maximum to minimum rotational energy is
treated by Goldstein (1959), Slater and Frank (1947), and others.
Using the Euler angles as describe& by Slater and Prank (op. cit.) the

following important results can be derived

L = |z,wz, /cos8 ¢

¢= 'r/IX'(wZ')O ’ 'x,‘ 'Y' ’

¢ = L,/ Ix' (wt/cose) ,

(2.21)
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In Eqs. (2.21) the primes refer to the satellite fixed rotating coordi-
nate system Fig. 2.5 and the angular momentum vector T is considered

to be consta;qt for the present and its direction used to define a space
fixed Z -axis as shown in Fig. 2.5, where X and Y form a right hand
space fixed coordinate system with Z, If energy is dissipated the

Z' -axis performs a torque-free precesslion about ?, with precession rate
$ where 4) is the Euler angle measured in the X-Y plane (Fig. 2.5)
and 1s the angle from the space fixed X-axis to the line of nodes, 6 is
the angle ( Z, Z' ) or the opening angle of the precession. The third
Euler angle W 1s the angle in the plane of rotation about 7 from
the line of nodes to the rotating satellite fixed X -axis. By the first
of Egs. (2.21) 1if . '0)2. decrease.s, cose'must decrease and § increase. |
The precession angular velocity ¢ is constant and may be evaluated
from the second of Eqs. (2.21), the initial condition when rotation is
about the Z. -axis only. Since the ratio of the transverse moment of
inertia to the longitudinal 1s 84, the precession frequency 1s 1/84 of

the initial spin rate of 24 x radians/sec. or 0.286 n radians/sec.
(period, 7 secs). When the motion has degraded to the pure propeller-
type (termed "tumble" as opposed to "spin-tumble") motion, the corres-
ponding frequency 1s termed the tumble frequency ( ¢ is the corres-
ponding tumble angular velocity) and has been measured as described in
Sec. 3.3 by observing the frequency of r-f signsl fading at such times
when the satellite is properly orientated relative to the receiving
station. The satellite continues to have a slight angular spin velocity
vil about the 2' -axis. The period of this spin or roll motion was ob-
served to vary in magnitude during the lifetime of the satellite from 1
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to approximately 100 secs. The combination of the spin and tumble
motions resu;t in the sweeping of the onboard radiation counters over
almost all directions in space; in particular the directional counter
(Detector A) was able to observe counting rates at all angles relative
to the geomagnetic field direction between 0 and n/2. The analysis of
directional radiation flux in space is seen therefore to depend on ob-
talning with good precision the orientation of the scintillation counter
with respect to the magnetic flux density ﬁ as a function of time.
During the time of acquisition of the data analyzed in the present report
the satellite remained in the flat propeller-like configuration and
rotation about the angular momentum vector will always be referred to

as tumble (velocity or rate, ¢ ) and motion about the 2' -axis will

be referred to as spin (or roll) (velocity or rate, v’ ), as has been

noted above.

10
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2.3 Interpretétion of satelllte Explorer IV telemetry data

Figure 2.6 is a reproduction of a portion oan record of the tele-
metry information received from the satellite at Huntsville, Alabama
on August 27, 1958 following 0416 UT, for the region of ARGUS trapping.
The radiation counter data shown was recorded on magnetic tape and
played back for the pen on paper recording using electronic filters
sultable for reducing noise, The variations in the signal represent
the abrupt changes in frequency of the audio channel modulating the
carrier of one of the transmitters. For example, the first line of
information (Channel 1) represents audio switching back and forth
from 370 to 430 cycles/sec. Each frequency switch follows the accu-
mulation of 32 counts from the shielded G-M counter, Detector D
(reference, Fig. 2.1). Similarly, changes in the second line (Channel 2)
of information follow the accumulation of 1024 counts (per frequency
switch) of the scintillation counter, Detector A; tne third line
(Channel 3) shows frequency switching following the accumulation of
1024 counts (per switch) for the unshielded G-HM counter, Detector C.
Detectqr A 1s the directional counter and the rapid changes, or modu-
lations, of counting rate of Channel 2 correspond to the changing
orientation of the counter axis with respect to the magnetic field
direction as noted in Sec. 3.1.

Figure 2.7 illustrates the r-f field strength information received
at the Huntsville ground station. This information 1s used to determine
the orientation of the satellite and its radiation counters relative to

the geomagnetic field direction (see Chap. 3). Zach telemetry record

11



also contains a recording (not shown in Figs. 2.6, 2.7) of the time
signal from WWV, permitting real time determinaticns to 0.05 sec.
Records similar to Figs.. 2.6 and 2.7 were reduced for Passes 414,
415, 416, 47, 428, 440, 441, 453, Ush, uss, 466, 479, 492, 505, and
518 by using a Telecomputing digitizer. An initial reference time to
was established for each time interval T (24 secs). N is the number

+1

number of digitizer counts per frequency change. These data were

of digitizer counts per 24 sec interval and ( ni - ni ) 1s the

supplied to an IBM 1620 computer along with the scaling factor S
(noted on Fig. 2.1) and used to compute the observed count rate

(counts/sec), as follows

Cobe = N‘S/ZT(I\H_" ni) , (2.31)
and the'corresponding time ti is calculated by

= . (2.32)
t t°+(n‘ + “i+|) (T)Y/2N

S 1is divided by 2 since S 1s the number of>counts accumulated during

a full ;ycle of two frequency switches. The Fortran program used for
the calculations of Eqs. (2.31) and (2.32) is designated as Program 2.1
(all computer programs used in the present work are available at
Physics department, Saint Louis University, St. Louis, HMissouri). The
count rate vs time computer output for Program 2.1 was plotted with a
Dymec data plotting system. Pigure 2.9 includes the resulting observed

count-rate vs time for the directional scintillation counter (Channel 2,

12



e,

Detector A) as Explorer IV traversed a region of naturally injected
geomagnetically trapped particles a short time (about 6 minutes) be-
fore the satellite entered the artifically injected ARGUS shell
(Pass 41%). Figures 2.10 and 2.11 are simllar plots for this ARGUS
penetration (telemetry playback record shown by Fig. 2.6).

Figures 2.9 and 2.10 include also (Upper curves) plots of cos‘G
( 9 , angle between scintillation counter axls and the plane per- |
pendicular to the geomagnetic field direction) vs time following the
suggestion of J. Bock of the Ballistics Research Laboratories; 9
as a function of time is determined by Eq. (3.11). It is interesting
to note that the modulations of the observed count rates vs time
(Figs. 2.9, 2.10 gg!gg) are rather well represented by the trigono-
metric function (Figs. 2.9, 2.10 Upper) since the calculation of
by Eq. (3.11) is based on experimentally determined parameters.

As nbted in the caption for Fig. 2.10, the Detector A count-rate
modulations were individually (a tarough q, Figs. 2.10 (Lower) and
2.11) smoothed and least-square fitted by 4th degree polynomials,

using computer Program 2.2, of the fom
K n
A+Ate ... At (2.33)
o ' n

To interpret the nulls in the ground station r-f fleld strength
traces shown by Fig. 2.7 it is helpful to consider two cases with
reference to the satellite antenna radiation patterns shown by Fig. 2.4.
First, consider the receiver antenna in the plane of tumble of the
satellite with 6 J f_ as shown by Fig. 2.8 Upper. Nulls in the.

field strength pattern for each transmitter occur whenever the nose or

15



tail of the satellite points toward the receiver producing the field
strength pat;ern shown by traces 6 {due to 108.03 mc-sec'l transmitter;
reference, Fig. 2.4 Lower) and 7 (due to 108.00 mc-sec-l transmitter;
reference, Fig. 2.4 Upper). Second, consider the receiver antenna in
a plane perpendicular to the plane of tumble of the satellite with

C|” 1_ (Pig. 2.8 Lower). The satellite antenna radiation patterns
shown by Fig. 2.4 produce no nulls for either transmitter antenna. In-
stead, because both the transmitter antennas and the receiving antenna
are linearly polarized, nulls occur twice for every revolution of the
satellite about £ when the plane of polarization of the transmitting
antennas and the receiving antenna are perpendicular. These polarization
nulls are characterized by lack of the extra side nulls shown for the
"nose" nulls by Fig. 2.7 lower. Polarization nulls are not seen in
Fig. 2.7 because the line-of-sight vector ﬁ was perpendicular approxi-
mately t6 the angular momentum vector i.

Naumann (1961) was able to use r-f field strength information as
described in tne preceeding paragraph together with known directions
for the line-of-sight vector 6 (refer Eq. 3.28) from the receiving
statioﬁ'to determine the time history orientation of the angular mo-
mentum vector i. On August 18, 1958 the antenna system at the
Huntsville ground station for the 103.03 mc receiver was modified to
form a variably polarized array which changed its polarization as the
satellite passed overhead. Tnis arrangement allowed use of the vari-
ation of the amplitude of the nulls with the variation of the plane
of polarization of the receiving antenna to yleld additional and more

A A
accurate information on the direction of L. The directions of L used

14



to analyze the passes in this report are those of Naumann (1961).
The direction of £ was found to be not constant as expected but varied
slowly from‘day to day; however for telemetry acquisition perlods up
to some 20 min the direction could be considered constant. Naumann
(1962) has guggested an explanation of the observed variation of
angular momentum in terms of the interaction of the magnetic moment
of the satellite with the earth's magnetic field. The orlentations
of i determined in this way checked witb Snoddy's (1959) prediction
of variat;ons in temperature due to the variation in satellite pro-
Jected area toward the sun and orbital trajectory variations due to
presentation of different frontal drag orientations.

The rate at which r-f nulls occurred when the line-of-sight vec-
tor ‘Cl was nearly in the plane of tumble variation permits the cal-
culaéion of the satellite tumble rate if the variation due to motion
along the trajectory is corrected for (see Sec. 3.3, Eq. 3.32). The
tumble period actually observed is 6.90 sec approximately (see Pig.

2.7), nearly 7 sec as calculated (Eqs. 2.21, Sec. 2.2).

15



Fig. 2.1 Block diagram of radiation Detectors A, B, C, D and
corresponding telemetry Channels 2 & 5, 4, 3, 1. The
numbefs 2048, 16, DC, 20uU8, 64 designate the scaling factors
for a complete cycle (2 switches) for each channel.

(Van Allen et al, 1959).
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Filg. 2.2  Sketch showing shape, size and packaging of the Explorer IV
" satellite,

Upper. Complete satellite in 3 sections: nose cone and
instrumentation section (together designated by L), propellant
and exhaust nozzle (remaining length).

Lower. Nose cone and instrumentation section only. 2,
satellite symmetry-axis vector (in direction of 2); ?.

Detector A (directional scintillation counter) axis direction.
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Fig. 2.3 Plot of Eq. (2.12), true omnidirectional counting rate
C s observed counting rate CObS for Detector C,

Anton 302 G-M counter.
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o

Pig. 2.4. Antenna radiation patterns for transmitters of Explorer IV
(Naumann, 1961).
Upper. Pattern of asymmetrical dipole for 108.00 me-sec ™
low power (10 mw) transmitter.
Lower. Pattern of symmetrical dipole for 108.03 me-sec™t
high power (25 mw) transmitter. -
'Both patterns are symmetrical about the long symmetry axis

of the satellite.
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Pig. 2.5 Important geometry for describing satellite spin (or roll)
and tumble. X\Y!Z are fixed relative to satellite (see
Pig. 2.2), with 2 as spin axis. XYZ are space fixed with 2
(spin-tumble axis) taken as the axis of (constant) angular momen-

tum ?. 9, ¢,\* are Euler angles.
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Fig. 2.6 Portion of

‘playback" record of the telemetry tape,

received (August 27, 1958; O4l6 UT) at Huntsville, Alabama

for Pass 4lh of Explorer IV Satellite.

The decreased amplitude of the recording for the

middle portion of

Channel 1 indicated saturation of the

shielded G-M counter by the trapped ARGUS radiation.

' The total number of telemetry channels recorded for

records such as Fig. 2.6 are the following (3 channels only

appear in Pig. 2.6)

Channel 1

Channel 2

Channel 3

Channel 4 -
Channel 5 -
Channel 6 -
Channel 7 -

Channel 8 -

Detector D (reference, Fig. 2.1)
Detector A (reference, Fig. 2.1)
Detector C (reference, Fig. 2.1)
Detector B (reference, Fig. 2.1)
Detector A (reference, Pig. 2.1)

r-f pattern, 108.03 me-sec” ' transmitter

r-f pattern, 108.00 mc-sec'1

time (WWV time signals).
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Fig. 2.7 Sketch (smoothed)of r-f field strength modulations of
the Huntsville ground station receiver AGC showing variations
due to rotation of the satellite antennas (and of the satellite
itself) relative to the line-of-sight from receiver to satellite.
The patterns correspond to the alignment shown by Fig. 2.8 Upper;
namely,

‘Trace 6 is for the 108.03 mc-sec "high power" transmitter,
radiation pattern shown by Fig. 2.4 Lower; Trace 7 for the 108.00
1n¢:-sec"1 "low power" transmitter, radiation pattern Pig. 2.4
Upper.

N, T designate "nose" and "tail" ends of the satellite

respectively.

22



- BB

T
le=~7 sEC —

TIME

FIELD

(V) ~

STRENGTH (ARBITRARY UNITS)



Fig. 2.8 Sketch illustrating alignment of Explorer IV Satellite
relative to ground station (Huntsville, Alabama) receiver
antenna, RA.

A A
Upper. U (I Linearly polarized recelver antenna
A
in the plane of tumble motion of satellite. U , unit vector
defining receiver station - to - satellite line-of-sight, in
plané of tumble.

A A
Lover. V) i L Linearly polarized receilver antenna

A
with U directed perpendicular to plane of tumble.

(.&, satellite symétry axis vector direction; reference

Fig. 2.2).
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Fig. 2.9 Lower, observed directional count-rate vs time (scintil-
lation counter Detector A, Channel 2, Pass 414) for naturally
injected trapped particle radiation compared with

Upper, variation of the arbitrarily chosen trigonometric
function cosu 6 (6, angle between scintillation counter axis
and the plane perpendicular to the geomagnetic field direction)
vs tihe; €@ 1s calculated by Eq. (3.11) and such calculations

are based on experimentally determined parameters.
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Fig. 2.11 Observed directional count-rate vs time (scintillation
counter, Detector i, Channel 2, Pass 414) for the second
half-minute of ARGUS shell penetration.

Figure 2.11 follows Fig. 2.10 immediately in time.

The descriptive details of Fig. 2.10 caption apply also
to FPig. 2.11. The variations in the omnidirectional “pene-
trating" background radiation, solid curve B, are to be noted

especially.
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Chapter 3

Determination of Count-Rate Co as Functlon of the Angle 6 Made by

bs
thg Scintiliation Counter with the Plane Perpendicular to the Geo-

magnetic Field

3.1 Satellite coordinate systems and geometry

The directional particle flux at any satellite position on a geo-
magnetic field line is related simply to the mirror point distribu-
tion (Weber et al, 1962). The first step in the calculation of the
directional flux at a point in space is the measurement of the count-
ing rate cobs(e) as a functioﬁ of the angle 6 between ﬁ , 8 unit

vector along the axis of the directional counter, and a plane perpen-

dicular ‘to the geomagnetic flux density é (unit vector). By PFig. 4.1,
8 =arcsin(P-B), or 8 =arcos (P'B,),

where"_B‘L is a unit vector perpendicular to B; and, for pure tumble

motion of the satellite

.8 = arcsin [b, sin(y}.'t+8)- by cos(yt + 8) sin(&' +y)+b, oosdn+8)cos($t+ )]

(3.11)

In Eq. (3.11), A= 1r/2-8’ the tumble rate ¢ and the spin or
roll rate V¥ are defined in Sec. 2.2, ¥ and & are initial phase

angles defined by Fig. 3.1, and bl' b2, b3 are the components of

27



vector B on the X Y

g? Zs axes of the satellite inertial coordi-

nate system, Fig. 3.1. From Eq. (3.11), 6 can be calculated as a

S’

function of time and compared with the counting rate Cobs(e) as has
been discussed in Sec. 2.3, and shown by Figs. 2.9 and 2.10, pro-
s

vided ¢ , ¥ are known and the phase angles Y and § evaluated

at some reference time to.

The geometry of the present analysis involves several coordinate
systems. Equation (3.11) is calculated in a Satellite Inertial Coor-
dinate System (Fig. 3.1), in which Xs has the direction of the
angular momentum vector f. (pure tumble axis also) considered constant
during a some 20-minute interval of telemetry data acquisition; the

Zq direction is defined by
A

Z,* L x é./S, where s=[| ‘(L‘éo)ﬂ /2 (3.12)

and l‘;o 1s a unit vector in the direction of the geomagnetic flux den-

sity at time to; and V_ is determined by

i - Ef-" éo" t—] /5 -(é,-LK)/S, where K= i.é, (3.13)

The Satellite Inertial Coordinate System of Fig. 3.1 is determined
such that B 1is in the X -Y, plane at t=t .

The axes X Y Zs of the Satellite Inertial Coordinate System

s’ s,
are to be unit vectors in the Vernal Equinox Coordinate System (Sec. 3.2)
which is the basic reference coordinate system used in the present work.

In the Vernal Equinox Coordinate System the X axis points to the Vernal

28



Equinox of 1951, the Y  axis 1s 1in the earth's equatorial plane and
the - axls coincides with the axls of rotation of the earth at
equinox. The componénts bl' b2, b3 of Eq. (3.11) in the Satellite
Inertial Coordinate System may be calculated at any time by
A A
b = B-Yg, (3.14)

it being noted that b, is zero at ¢

3 0’
Figure 3.1 indicates also that the tumble phase angle Y 1s defined
by the direction of the satellite symmetry vector A, (see also Fig. 2.2).
A third coordinate system, a Satellite Fixed Coordinate System
(Fig. 3.1) is used to define & , the spin or roll phase angle. In
this system Xr 1s space-fixed in the direction of ﬁ, Yr is in
the direction of vector 3 (which rﬁtates in a plane perpendicular to
i. for the pure tumble, propeller-like motion). Angle 8 is the angle
between 3 and 2r at time t,, £ is supplied by Naumann (1961) in
the Vernal Equinox Coordinate Systenm, g can be converted from the
ephemeris system of coordinates to the VEC System (Sec. 3.2) and
the Satellite Inertial Coordinate System is established at an
initial reference to time for each pass. The direction of the
vector ; is determined from the direction of G the line-of-sight
vector (see Eq. 3.28) from the ground station to the satellite at

the time to of an r-f null by

A= ¢ B‘Lx O)x D/]f_; | (3.15)

where the + sign is used for a tail null, minus sign for nose null.
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The phase angle Y is then the arccosine of the dot product of A and
Ys . With the various parameters of Eq. (3.11) determined € may be
calculated for any time following to and compared with the count rate

Cobs evaluated from the polynomlal expressions as discussed in

Sec. 2.3.
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3.2 Conversion of 1958 Epsilon orbital data to the Vernal Equinox
Coordinate System

The final reference coordinate system used in the present work is
the Vernal I?‘.quinox Coordinate System (VE) defined and briefly discussed
in the preceeding Sec; 3.1. Hence it is necessary to convert the geo-
magnetic field information of the 1958 Epsilon Orbital Data Series
(Smithsonian Astrophysical Observatory, 1959) to the VE Coordinate
System., Table 3.1 1s a sample listing of 1958 Epsilon Orbital Data
Series (op. cit., SAO, 1959) for Explorer IV Pass 414,

In order to compute the geomagnetic fleld components :Bx’ -By and Bs
in VE coordinates, Program 3.1 was used to convert the orbital infor-
mation of Table 3.1 to the form shown in Table 3.2 where time 1s ex-
pressed in minutes UT, latitude is geocentric latitude, and Bx’ By
and Bz are the components of the ﬁ unit vector in the VE Coordinate
Systenm, ) Program 3.1 yields the converted data at 1 min time intervals
and also computes 6th-order polynomial fits to these data (latitude,
longitude, altitude, VE geomagnetic field components and satellite
velocity components) so as to provide interpolation for any time within
the 30 min interval fitted by the polynomials.

Some detalils of the conversion of the Explorer IV orbital data to
Vernal Equinox coordinates follow. Calculation of the vector :
(Pig. 3.2) from the center of the earth to the Huntsville ground station
and the vector ; from the center of the earth to the satellite in
Vernal Equinox coordinates is included also.

The satellite orbital data (see Table 3.1) 1lists the geographic lati-

tude and longitude of the intersection point of the international

31



>

ellipscid and the radius vector ¥ to the satelllte. The height
listed in Table 3.1 is the distance from this intersection point to
the satellite. The geomagnetic flux density Table 3.1 is in rectan-
gular topocgntric coordinates relative to a spnerical earth's surface
vwith north N, east E and down D components calculated from the expan-
sion of the earth's magnetic potential in spherical harmonics using
Finch and Leaton coefficients of 1955.

The latitude most commonly listed on maps and in tables 1s called
the geodetic latitude 4 (Fig. 3.2). This is the angle between the
perpendicular to the tangent to the international ellipsoid (Fig. 3.2)
and the plane of the equator. Table 3.1 1lists the geographic latitude,
defined by the angle between a local plumb bob and the plane of the
equator, includes the effects of local gravitational anomalles and the
local centrifugal force. The difference between geographic and geo-
detic latitude 1s small and called the station error. FPor all calcu-
lations in this report, geodetic and geograpnic latitude 4 are taken
to be the same. For purposes of vector calculation and conversion to
the VE Coordinate System it 1s necessary to use the geocentric latitude

A kPig. 3.2), which is related to s2odetic latitude by

tand's tanA b° /o®; b fa’- 1/1.0043, (3.21)

and a and b are the equatorial and polar radil respectively of the
international ellipsoid. The distance 1y of the satellite from the

center of the earth in earth radii 1s equal to

r= b/(atsntAlstt cost AV height 1958¢ / @ .22)



where helight is. the altitude listed in 1958 fipsilon Orbital

1958 €
Data Series (SAO, 1959). " the radius vector from the center of

latitude 4 and the longitude () is given by

Rx=(C+H)'cosA cos ®
RY=(C+H)cosA sin ®
R,=(S+H) sinA,

where longitude angle @9 is the hour angle to the Vernal Equinox
given by

@ = 8, + 0.0043752695 (t-t;) * ®c,

in which E%Ii is the angle between the Greenwich meridian at ti

t is in minutes after ti, GBE is the east longitude of the station

and

point; and

C= If1-(2f-£%) sinA)2

f*‘- receiver antenna neight above the international ellipsoid in

earth radii units s (g-p) /0 = | /297,0, and c¢(-f)=S,

The vector ; from the center of the earth to the satellite is given

in VE coordinates by

n* h cos A‘, cos 6,

r, = h cos A', sin 8,

r,*h sinl,
33
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VE

where A.S is the geocentric latitude of the satellite, 95 is the
east longitude of the satellite from the Verné.l Equinox. Thus, the
satellite vector ; is calculated using A' from the converted
ephemerls while the station vector ﬁ is calculated using A in
Eq. {3.23) which includes correctibn for the station height above the
geoid and the difference between geodetic and geocentric latltude.
The geomagnetic fleld strength 1s converted by Program 3.1 to the

VE system using the matrix equation

B\ /! O O\ [cosA 0O -sinA b,

By |5{O cos§ -sinf || O ) b,

By \O sinfy cosh/ \snA 0 cosa /\b,

where bN, bE and bD are the normalized (divided by B magnitude) of
By Bg- and BD Once é 1s determined in Vernal Equinox coordi-
nate, Eqs. (3.12), (3.13), (3.14) may be applied to calculate bl’ b2
and b3 for use in Eq. (3.11).

The ground station to satellite line-of-sight vector fl from which

the satellite symmetry vector ﬂ is calculated, Eq. (3.15), is given by

U-7-R

It remains to evaluate the tumble and spin or roll rates ¢ and ¥
and the tumble and spin or roll phase angles vy and § . The deter-

mination of these parameters is considered in Sec. 3.3.

34
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3.3 Determlination of tumole and spin or roll rates and phase angles;

$’ \i(' Y, 8. The spin or roll period anomaly. Closure =~
search,

The tumble angular velocity, or rate, €= may be determined as
suggested by Naumann (1961) from the observations of the period of
r-f nulls (Sec. 2.3) correcting for the orbital motion of the
satellite as is indicated by Eq. (3.32) below. The direction of A,

Fig. 2.2 may be determined by

A; =2 BI‘:.XO,)X t:]/leGi'

(3.31)
where 31 and ﬁi are A ard ﬁ respectively at the time of the ith null.
The anglé ¢ through which the satellite has tumbled between the
first and the ith null is
. . A A
¢ = ph-d = 2nm - arcos (A; Aj) (3.32)

where n 1s the number of tumble revolutions between the first and the
ith null. The sign of the arccosine term depends on the sense of the
tumble rate and the direction of orbital angular momentum vector.
Equation (3.32) may be used to evaluate ; . However, for the present
report the tumble rate as determined by Bock (1954) was used. Bock was
able to determine the tumble rate to 5 decimal place accuracy by using

an analog method. For Pass 414 Bock (op. cit.) evaluated the tumble
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rate by the empirical expression

&+ 0145037 - 0.56877 x 101 rev/sec (14868 <1< 15420 sec UT) (33
where t is measured in seconds after 0h UT August 27, 1958.
The tumble phase angle Y (Sec. 3.1, Fig. 3.1) was determined by
4 .
y =arcos (A, (3.3
where ?s is a unit vector in Vernal Equinox coordinates (Fig. 3.1).
The time to when 30 (magnetic flux density unit vector at to. Pig. 3.1)
1s in the "X =Yg, plane, is then the initial time at waich the
Satellite Inertial Coordinate System was determined, and t in Zq. (3.11)
is expressed in seconds after t..
Naumann's (1961) method of ‘determining the spin or roll angular
velocity, or rate, _; was used for Pass 454 and attempted for Pass
414, Equation (3.11) indicates that for times when cos (4{1 +d)=0,
the count-rate of the directional scintillation counter will not show
any variation due to tumble rotation and will be modulated only by the
spin or roll of the satellite. By the determination of the period of
such modulations Naumann was able to measure the time history of the
roll p;riod as shown by the circle points of Fig. (3.3). The interval
August 24-29, 1957 exhibited the anomalous increase - decrease in roll
period (the increase means a decreasing spin rate, the decrease which
followed means an increasing spin rate.
In the present work, all attempts to use the roll rates determined
by Naumenn for Pass 414 (August 27, 1958) failed to yield any coherent
picture of the variation of the Detector A count-rate with the angle 0
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(vetween the counter axis and a plane perpendicular to the geomagnetic
field direct;on). Although all values of & (in 2° steps) were used
to produce plots of 6 as a function of time, using Eq. (3.11), for roll
periods froq 30-60 secs, no plot of 6 vs time could be produced which
matched the variations in counting rate for more than a minute.

A more recent determination of the roll period time history was
achieved by Bock (1964) which resulted in the non-anomalous dashed line
of Pig. (3.3). Use of the monotonically increasing roll periods (grad-
ual slowing down of satellité spin) of Bock resultéd in a coherent plot
.or the Detector A count-rate vs @ for Pass Ul4 (see also Sec. 3.4)

Further evidence for the correctness of Bock's non-anomalous roll
periods was developed in vhe present work through Fourier series analy-
ses of the Detector A count-rates for Passes 41U, 427 and 453, as is
detailed in Appendix 1, Power Spectrum. This analysis 1s concerned with
beat-rreﬁuency periodicities appearing in the count-rate data. The
squares used in Pig. 3.3 show the results of this kind of analysis for
Passes 414, 427 and 453 and suggest strongiy that the anomalous roll
periods plotted by Naumann for the interval August 24-29, 1957 are due
to measurement of beat frequencies rather than single modulation fre-
Quencies in the Detector A count-rates.

For Pass 414 Bock (1964) evaluated the true roll rate by the empiri-

cal expression

¥ = 0.093858 - 03103975 x 10% + 0.20998M x 0™ 1* rev [oec (3.35)

where t is measured in seconds after the acquisition time for the pass
or 14,868 sec UT.
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The roll phase angle 6 1is the most difficult parameter to deter-
mine in Eq. (3.11). Naumann's (1961) method does not work when roll
and tumble rates are nearly the same. Hence, & was determined in
the present york (Program 3.3) by a brute-force variational procedure
termed "closure-search" as follows.

If all the variables of Eq. (3.11) except § are determined 6 can
be calculated for any time of interest by performing a variation on &.
The procedure adopted was to determine the time of an r-f null shortly
after ground station acquisition of the satellite. This time was used
as reference time to from which t in Eq. (3.11) was measured. The

satellite inertial axes (Sec. 3.1, Pig. 3.1) were calculated using
Eqs. (3.12) and (3.13) and the value of B at ty- A was computed using

Eq. (3.15) and phase angle )Y as explained in Sec. 3.1.
Polynomials (3rd or less order) which fitted the counting rate

for the ihort (.06 min, approximately) intervals between signal fade-
outs were used to evaluate the Detector A count-rates for all desired
times. € was then calculated for each of these count-rate determina-
tions for all values of § in the range O - 360°. For each delta,
Cobs as a function of x, X"/l- 8’ was considered by the com-
puter throughout the time interval of the polynomial in question. If
the polynomial fitted data yielding the same count rate at two differ-
ent times (for example, polynomial e Fig. 2.10), ten time-pairs of
equal count-rates were determined from the polynomial and pairs of A
corresponding to the time pairs calculated using £Eq. (3.11). If more
than 70 percent of the X pairs were within 5° of being equal a graph
of the function C . Vs A was plotted. If the polynomial fitted
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data in which most of the counting rate values were unique (for

example, polynomial ¢ Fig. 2.10% the slope and CO . intercept nf a

b
straignt line fitted to C Vs )\ was listed for each 8 . This

obs
procedure was carried out for 98 polynomials for Pass 414 and one
degree steps (0-360°) for 3 , including both the natural and the
ARGUS trapping regions.
The resulting plots and listing of slopes then were investigated
to determine a single value of 6 which satisfied the criterion that

the graph of Co 8 Vs X would be single valued for each of the 98

b
sections of the Detector A count-rate intervals considered. If any
of the parameters of £q. (3.11) were slightly incorrect the plots of
Cobs vs X were found to be multivalued so that cobs vs )\ points
formed an open loop. The procedure as outlined therefore was termed
a "closure-search" and the values of tumble rate, roll rate o,w and
bl, b2, 'b3, were considered to be correct when a single value of 6
satisfied the closure criterion for all polynomials used.

Por Pass 414 an r-f null was observed at 248944 UT August 27, 1958.
Y was calculated to be 354.6and & was evaluated by closure-
search' 'as 50°. This value of ¢ satisfied the closure criteria for
all 98 sections of the Detector A count-rate data except those in which
the background counting rate varied rapidly during a time period of
about one-half the tumble period.

An additional check on the determination of parameters is demon-
strated by Pigs. 2.9 and 2,10 wnerein COsue vs time (Upper) is compared

with C vs time (Lower) for the scintillation counter. The COSue.

obs
suggested by Bock, 1s an empirical analytic fit to the cob'(o) vs 6 curves
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of Sec. 2.3 0of the present report. It 1s observed in Figs. 2.9, 2.10
that cosue vs time curves represent well the Cobs vs time curves for
both the natural and the ARGUS trapping reglons except for the time
interval during which there 1s sudden increase in omnidirectional

background radiation (curve B) in the ARGUS region. This background

radiation effect 1s discussed in Chap. 5.



3.4 Observed directional count-rate for ARGUS trapping, C vs 6.

obs
Results and conclusions.

As noted and explained in preceding sections of the vresent chapter,
the count-rape of the directional detector (Detector A, Channel 2) was
determined as a function of the angle 6 between the scintillation
counter axis and the plane perpendicular to the geomagnetic field for
both the natural and the ARGUS trapped radiation.

Figures 2.9 (natural trapping, Pass 414) and 2.10, 2.11 (ARGUS trap-
ping, Pass 414) illustrate the results of the analyses of directional
count-rate (cobs) and angle 6 (in form of cosue) vs real time (UT).

Figures 3.4, 3.5 and 3.6 illustrate the results of the determination
(Sec. 3.3, closure-search procedure) of observed directional count-rate

C v8 @ for several of the modulations designated a, b, ¢ .... q in

obs
Figs. 2.10 and 2.11.

Althoﬁgh the "disc-like" character of the trapped radiation is gener-
ally evidenced by the maxima of Cobs at 6 = 0° and decreased values at
larger angles, the plots of Pigs. 3.4, 3.5 and 3.6 show considerable
variation in the angular distributions of directional count-rates
(cobs Qb ) for ARGUS trapping. These variations are considered to be
due mainly to 1. scatter in the data itself, and 2, effects of the omni-
directional penetrating radiation (curves B, Figs. 2.10 and 2.11) upon

the counting-rate of directional Detector A.
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Item 2 just noted is considered to be one of the special conclusions
of the present work. However, since 1t has béen_possible in the time
avallable to analyse but a small percent of the avallable Explorer IV
directionallcount-rate data by the closure-search procedure (Lec. 3.3),
any conclusions stated here must be considered as tentative., Keeping
this reservation in mind, there is suggestive and fairly convincing
evidence nevertheless that the shape of the angular distribution of
count-rate (Cobs vs 6, Pigs. 3.4, 3.5 and 3.6) is affected by the omni-
directional penetrating radiation (curves B, Figs. 2.10 and 2.11); as
follows:

(1) Plot b, ¢, d (Fig. 3.4, upper left) is a combined plot of modu-
lations b, c, 4 of Fig. 2.10, Lower. Thus all 3 modulations can be
represented in a single plot, suggesting that the low intensity and
constant background penetrating radiation (curve B; Fig. 2.10, Lower)

is not a disturbing factor in the Cob vs 6 analysis.

(2) Plot £ (Pig. 3.4, upper right) is an example of the apparent
effect of the rapidly increasing background (curve B, Fig. 2.10
Lower), it being suggested that the set of points indicating abnor-
mlly iarge count-rates (near 6 = 50°-60°) include some background

radiation. It appears that the co s V8 @ count-rate data should be

b
corrected for changing background as the satellite moves through the
ARGUS belt for regions such as f (Figs. 3.4, 2.10).

(3) Plot g (Pig. 3.4, lower left) exhibits a broader angular distri-
bution of the directional count-rate. At the same time curve B, Fig. 2.10
Lower, involves an increasing background penetrating radiation which may
have contributed to the directional count-rate intensity level to cause

the broedening of curve g. It is difficult to make a quantitative esti-
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mate of the precise contribution of the omnidirectional G-M count-rates
to the directional scintillation detector count-rates since the calibra-
tions of the.detectors involved did not include intercalibration of the
G-M and sciqtillation counters for the same penetrating radiations.
Also, any penetrating component of the directional radiation might be
more readily detected by the scintillation ccunter at larger 6 values
since there is generally more shielding in directions away from the
counter axis.

(4) Plot h (FPig. 3.4, lowér right) has broader angular distribution
than plot g, the penetrating background radiation curve B, Fig. 2.10,
Lower, 1s at the same time somewhat more intense than for plot g and
so the effect of the penetrating background radiation is quite similar
to that suggested for plot g. Further the count-rate of the directional
detector is approaching saturation, the rate being in excess of 10“ per
sec, a situation which would produce relative broadening of the angular
distribution by the flattening process.

(5) Plot § (Pig. 3.5, upper left) corresponds to a decreasing back-
ground radiation (curve B, Fig. 2.11) suggesting that the narrowness of
the anéhlar distridbution of plot J is due to decreasing directional
count-rate at larger 6 values.

(6) Plots x, 1, m, n, o (Pig. 3.5 and 3.6) show variation in the
angular distribution of the directional count-rates similar to the plots
of Pigs. 3.4 and 3.5 already discussed and these variations suggest again
the effect of penetrating background radiation (curve B, Fig. 2.11). Plots
m and o suggest that a burst of penetrating radiation was encountered

toward the end of the time periods for the two plots since the two groups
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of points showing maximum count-rate for ranges of 6 of about 0°-

30° or u40° oqcur last in the time sequence. This.penetrating radia-
tion effect may be present for the entire sequence of plots 1 through
p. The effepts are not always clear and unmistakable but they do
éppear to be present.

(7) Finally plots p and q (Fig. 3.6 lower) seem to show the effect
of the sudden decrease in curve B, Pig. 2.11, occurring at about the
same time as the sharp decrease in count-rate for plot p (near 6 = 5°)
and the continued less-sharp decrease for plot q. These sudden de-
creases in count-rates are similar effects to the corresponding in-

crease shown by plot f.
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Table 3.1. Portion of 1958 Epsilon (Explorer IV, Pass U414) Orbital Data Series
(Smithsonian "Astrophysical Observatory, 1959)

Geo- Geomagnetic Flux
Time, East graphic Density Components |Satellite Velocity Components
UT  fatitude [Latitude| Height (Gauss) (km/hr)
(hr-min){ (°) (°) (km) | By | Bg B, Yy Vg vy

Ok 05)268.34]1-06.85}1953.4].136]0.019]0.0191014996,1]16001.8]01745,6
ok 06]1269.84|~04.76]1923.1].138]0.01810.031]015089,3}16035.6]01874.0
ok 071271.341-02.64]1890.7|.140]0.016]0.043|015173.0]16089,5]01999,1
o4 08]272,851-00,51]1856.3]|.14110.015]0.056]015246,.8§16163.6}02120.7
ok 09|274.38]001 ,64]1820.0].142]0.013]0.069]015310.4]|16258.5{02238.4
Ok 10]275.921003.81[1781.8].144]0.011]0.082}015363.2|16374.4}02351.8
oh 111277.Lk91005.99{1741.9|.144]0,009|0.096] 015404, 1]|16512,2}02460.6
ok 12 2%9.09 008.20(1700.2}.145]0,007]0.110]015432.1|16672,5]02564 .4
oh 13)2 0.z3 010.41]1656,9].145]0.005]0.125)015445.7]16856.1]02662.8
ol 14]282.43]Q12,64]1612.0|.146]0.002]0,139]015443,1]|17064.0]02755.5
Ok 15]284.17]1014.88]1565.8].145]-.001 |0.154]015422,0]17297.2]02842.0
ok 16]285,99]017.13}1518.2}.145]-.004]0.170]015379.7|17557.1]02921.8
Ok 181289.86|021.64|1419.4].142]-,012]0,2004015218,3]18162.0]|03059.5
Ok 19)291.94]023,.89[1368.6|.140]-.016]0.215 015090.5 18510.3]03116.

Ok 20|294.131026.13]1316.9].138]|-.020]0.229] 01 4924 ,8|18891.0}03165.0
Oh 21 1296.45]028, 36 {1264 .4].136]-.024]0.243]014714,.1}19306,2§03204 4
ok 221298.921030.57{1211.5].134]-.029]0.256]014450,9]19757.1]03234,2
Ok 23 301.23 032.‘5 1158,.11.1311-.033]0,268)014126,4] 20245,0]03253.9
ok 24 |304, 034.89|1104.5).129]|~.0 0.2;9 013730, 3]20770.5]03262.9
o4k 25]307.40]036,.98 |1050.9|.127 |-.0k2]0.289]013250.5]21333.7]03260.8
ok 26]310,67]039.00 os‘sl.k .126|-,046 ]0,298] 01 2653.6 21933.0]03247 .1
oh 2‘ 314,18|040,93|0944,21.125]|-.049]0.305{011985,2] 2256k.5]|03221 . &4
Ok 28)1317,.97|042.76|0891.5].125]-.052 |0.312]011169.4]23222,7]03183.1
Ok 291322,07 |Okk, 083%.5 125 -.Ogi 0.3171010210.9 23891.3 03131.9
Oh 30 [326.47 |OM6.01 |0788,3 |.127 |~.054]0.321]009095.9] 24574 .4 ]03067 .4
oh 31 331.20047,37 0788.4 .130]-.053 0.323 007814.7 25235.3 02989.4
0“ 32 3 02“ 0 . 2 06 9.% o‘3 ".0 0.32 0 362.& 2 Sio 0289707
04 33341 ,581049.43 |0642,.6 |.138 |-.046 |0.330] 004745.8] 26404,7 |02792.1

<  §
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Table 3.2.

Orbital data of Table 3.1. with magnetic flux density components
in Vernal Equinox Coordinate System

Geo-~ giztigc Components of Mag-
East centriclite to|netic Flux Density
Time, |Longi- Lati- G:o- Unit Vector in VE |Satellite Velocity Components
UT  |tude tude | rer |Coordinate System km/hr)
° o (Earth
(min) ( ) ( ) radii) VN VE VR
245.1268.34 | -6.80]1.3062 14996.1]16001.8 | 1745.6
246.1269.84 | -4.72|1. 301 15089.3]16035.6 | 1874.0
247. 127 . -2,62]1.296 lSlZg.O 16089,.5 11999.1
y17 272,85 -.50[1.291 15246.8116163.6 | 2120.7
249,1274, 38 1.62{1.2853 15310.4)16258.5 | 2238.4
250.]275.92 3.,7811.2793 15363.2|16374 .4 | 2351.8
251.1277.49 3.95 1.273 15404, 1]1651.2.2 | 2460.6
252, 1279.09 411,266 15432,1]16672.5 | 2564.4
253.1280.73.]10.34]1.259 15445,7]16856.1 | 2662.8
254, 1282 IZ.Sg 1.252 15443.1117064,0 | 2755.5
255, |284.17 | 14.78]1.245 15422.0(17297.2 | 2842.0
256, 1285.99 | 17.02(1.2377 15379.7 17531.1 2921.8
257.|287.88 | 19.25{1.230 15313.2 Igs 8 | 299%.4
258, |289.86 | 21.50|1.222 15218.3118162.0 | 3059.5
259, 1291.94 | 23.74{1 .21 15090.7]18510.3 § 3116.6
260, |294.13 | 25.97]1.20 14924.8]18891.0 | 3165.0
261, ]296.45 | 28.19}1.197 ltllk.l 19306.2 | 3204.4
262, 298,92 | 30.40|1.189 14450.9119757.1 | 3234.2
263, |301 32,.57|1.180 14126.4]20245.0 | 3253.9
264, |304, 34,7011.172 13730.3]20770.5 | 3262.9
265, 1307.40 36.&9 1.163 13250.5[21333.7 | 3260.8
266. 1310.6 zg. 1 ‘.‘EG 126g3.6 21933.0 | 3247.1
Zgg. 3141 73111 11985,2122564,.5 | 3221.4
268, 1317.97 | 42.561.138 11169.4123222.7 | 3183.1
269, |32 Lk, 2611.129 10210.9 23891.3 3131.9
2?1. 331,20 [ 47.17]|1.113 7814.7]25234.3 | 2989. 4
272, |336 L8,.32]1.106 6362.& 25853.8 |2897.7
273, |3, 49.2311.09 L745,8126404.7 | 2792.1
274, |347.17 | 49.87]1.09 2982,2]126858.0 | 2672.7




Fig. 3.1 Geometries employed in determination of count-rates of
Explorer IV directional scintillation counter in terms of
orientation of the satellite relative to geomagnetic fileld

direction. All symbols are explained in the text.
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Fig. 3.2 Sketch showing various geometric and vector quantities
and their interrelations. A, geodetic latitude;

/
A , geocentric latitude.
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Fig. 3.3 Roll or spin period time history of Explorer IV Satellite
showing anomalous increase-decrease (circle points) between
August 24 and 29, 1958 - calculated by Naumann (1961).

Dashed-1line (X points) represent a non-anomalous roll
period history as determined by Bock (1964) by an analog computer
method.

‘Squares locate beat-frequency periods measured in the
Detector A count-rate data by the authors of the present report
and suggest that Naumann's anomalous roll periods are due to
measurement of beat frequency periods rather than single (correct)

roll periods.
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FPigs. 3.4, 3.5, 3.6 Obsérved directional count-rate Cobs vs 8 during
penetration of ARGUS (Event I) shell, Pass 414,

The lower case letters in parentheses in the upper left hand
corners of the individual plots correspond to the same lettered
count-rate modulations shown by Figs. 2.10 and 2.11. The twelve

' separate plots were obtained by individual closure-search proce-
dures as explained in Sec. 3.3.

Abscissa values for 6 were calculated by Eq. (3.11) using
observed times t and values of the other parameters as discussed
in the text. The same time references (248.941 UT), and phase
angles { Y = 351.6°, S = 50°) were employed for all the
plots of Pigs. 3.4, 3.5, 3.6.

The various steps in the reduction and analysis of data followed

to obtain the data for C , , vs 6 (Pigs. 3.4, 3.5, 3.6) are

bs

(1) Cobs vs time is obtained as in Pigs. 2.10, 2.11;

(2) Polynomial-fitting to the plots of (1) is accomplished;

(3) )« and S are evaluated from r-f null data and the
closure-search procedure respectively;

(4) by, b, and by are calculated from B,, B., B, in the Vernal
Equinox Coordinate System and Naumann's estimate of angular
nountm?. direction.

(5) The magnitude of T, ; and f» are obtained using
J. Bock's decay coefficients;

(6) 6 is calculated by Eq. (3.11).
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Chapter 4

Determination of the Directional Flux Density U(Q') from Observed
Directional Counting Rate (C(8)

4.1 Conversion of the integral equation to matrix form
The directional flux density 1s related to the directional counting

rate by the i'rxtegral equation

C(9)= S (%) J(e)dan' (4.1)

where C (O) is the true counting rate (cm'z-sec'l) expressed as a
function of the angle between the geomagnetic flux density d:lrectiong
(Pig. 4.1) and the direction of the scintillation counter (Detector A)
axis ?, S('() or S (9’ 9‘} *.) is the Detector A response
function ( c(, angle between the direction of the counter axis ?’ and
the unit vector which defines the orientation of the element of solid
angle, Pig. 4.1) and o (©') 1s the directionsl flux density
(particles/cm’sec-ster). The observed counting rate C “'(0) 1s

corrected for detector deadtimes to yield the true counting rate

c ( 9) by the equation:

L Cu®
C Q) A

1-7,C, (9

(4.2)
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A 1s the effective area. of Detector A (0.005 cm’; Baicy, 1962); "Ua
is the detector deadtime which has been estimated as 100 microseconds

' b
(Chapter 2). From Fig. 4.1 & is related to @ , ¢ and € by

Cos« = Cose‘Si'nesin¢'+ Sine'Cose « (u.3

The Detector A response function S(“) is shown by Fig. 4.2 (Baicy,
1962). A good analytic fit to the curve of Fig. 4.2 is (Weber et al,
1962)

5("‘): eXP( Y|°( + Y, ) (4.4)

where Y| = -.00274, ¥, = --000006151, and ok 1is expressed
in degrees. In the determination of U(G') s integral Eq. (4.1)
must be converted to matrix form for computer purposes. To accomplish
the evaiuation of the integral of Eq. (4.1) in selected intervals of
6' ) J ( 6') is assumed constant in the interval. Por such
step-by-step integrals the limits of integration of 9' and ?'
are detemined from an analysis of the possible orientations of the
counter axlis with respect to the magnetic flux density B and the parti-
cle flux.

Als0 cylindrical symmetry of J (07relat1ve to the cylinder axis in
the direction of the magnetic flux densityg was assumed so that
J(O') - D’ (" 9‘) ( vhere I (3') is independent of
*’ )o From the response function Fig. 4.2 it is observed that
a cone of half-angle 30° approximately and with its axis along the counter-

axis approximately defines the region in which particles will be counted.

52



However, for the purposes of analysis, a hemisphere instead of a cone

1s considered for such a geometrical construct does not deviate appre-

ciably from .the actual physical situation because of the negligible

value of S(“) for o > 30°. PFrom Fig. 4.1 it can be seen that

the limits l,of integration of ¢' depends in general on 6’ and O ;
¢' takes on all values from 0 to 2T for some values of 9' and

goes from (O + A¢' to 2T — A¢' for other values; where

A¢| >0 and depend on e' and O,

From gepmetrical considerations, it clan be shown that A¢ =
Arcsin ( fan 6 ' flan e). In Eq. (4.5) O <6 < :%_ and
".it £ 9. < ‘T{' . Therefore (T&'n. e'rbme) can
be greater than 1 for certain values of ©' ana © . Since
A¢' has to be real, Eq. (U4.5) is restricted to those values of

©' anda 6 forwiecn Tano'ftane £ 1 . Also,

the value of A¢' for (ra.'n e fan ©) > 1 1is required.
It is shown readily that Eq. (4.5) 1s valid in the form
A9’ = Atcsin (Tane fan g, (o+e’)< (4.5)
where _ 6+G7JI’ A¢'=o0.
The analysis above shows that the limits of integration for ¢
are from 0 to 2T when @' and O  are such that 9+9>% $

sndvhen ©'+6 € 1} ’ ¢' ranges from A‘P.

to M- 4¢' for e. varying from -(*- 9) to O}
¢. ranges from -A¢' to TT + 4¢‘ for e,
varying from 0° to '.".{ -6 . Thus Eq. (4.1) can be written in

the explicit form
o) 9 'W'O‘

c@-9 | J j J J6)$Edn

CYR )] 4' g0 (4.6)
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To approximate the integral of Eq. (4.6) by a matrix equation it is
) )
assumed that :T(e) varies slightly only ‘when e is varied
by * 2.5°. Thus J’(Q') is required only for values of 6' gliven
| ) . [ . ! °
by eiz Ao (4.- 2)> i=1,2y..18; ana 4025, the
value of J ( 3') anywhere inside the interval of width 5° is given

by the linear approximation ; | )
T(Own) — T(8;
3= 7(8) + T

(e-86) wn

1
i~ O
? '
where 9& < 0 < 9‘-“ . A similar type of reduction
is carried out for the C(eo) function. Thus

CI. = C (9;) 3 where 6‘: = 48 (4.-" t) and A6’5°
Equation (4.6) can now be written as

M ™ ag' T+ a9’

C=>, L L‘ f Smfw J(3)sw)da'

F1C Y5 /

Suet 2T
Z ‘T(éf)J 1f SO g
5. Yo

P'"+1

where 3'\ 85.(F-%), 5"5. (}l 1) and the value of the integer M 1is
to be chosen such that 9 + O ; S :E: . Now, noting that
J-( 9.) = J (- 0') and also assuming that T(G')

to be linear in a sub-interval of width 5°, the integral Eq. (4.8)



reduces to

| —3'._ - Aﬂ*g
C(e)=C; = ZJf f S, ()da +
pet Z3ut ¢;u. i
3,0.4-1 T+4¢,; Swst 2T
f S,@dn'+ Z'. f fa ®a
1 ép. %... 'L-M-H ¢=o

(4.9)

where aﬂ' = Cose'cle'a.¢' 9
A‘H’L = Arcsin (Can 6, tane,),
O;9= S(e:,6! ¢,

It can be shown that the value of M depends on the index 1 and is
given by 18- 1. The number 18 1s the number of sub-intervals of

width 5° in the interval O°< e' < 90°. =quation (4.9) can

be written in the matrix fom

Z; SA.JJ:; b ‘-)J- )eece 8 (4.10)
were  J; = J(e)a

_§3 m-a ‘.ﬂ TI'?A'

and z _3" L¢ j; 4¢¢J }S aﬂ.,tﬂ-l‘l;

J’, \ . .
or, S‘j =-I:g' ./O‘Si(“)dﬂ g for th >19 .
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Thus the reduction of the integral form of Eq. (4.1) to the matrix
form of Eq. (4.10) is completed when all the‘32& elements of the
S-matrix aré determined. These matrix elements have been computed
using the techniques of numerical integration. 1If :T(G?') is co;-
sidered 1n&ependent of (5', the counting rate would beeindependent
of direction of the counter axis and hence the sum :E? ES ¢J
should be independent of the index i. The computed values of the
S-matrix elements have been shown to satisfy this condition with con-

siderable accuracy ( per cent differences are of the order of .025% ).

4.2 Inversion of the matrix equation, Equation (4.10)

The determination of i linvolves solving 18 simultaneous equa-
tions, Eqs. (4.10). For a given set of (:j. 9 & unique solution
exists if the det(S)# zero. In the present case, the S-matrix ele-
ments have the physical interpretation of an approximate measure of
the resolving power of the directional detector. The det(S)=zero has
the physical meaning that the scintillation counter would have zero
directional sensitivity. From the shape of the response function, the
determinant of S should be non-zero. However, it has been found that
det (S)at 10727, However, it has been possible to invert the S-matrix
with sufficient accuracy using an IBM 1620 computer so that numbers
less than 10'99 only are treated as zero. Mathematically, the problem
is straightforward once the inverted S-matrix elements are computed

since the :J}. can then be determined by the matrix equation

J F(S iic' y L=h2,...18,

(4.11)



The accuracy of the matrix inversion has been tested by computing the
product D ’z. S kShJ and comparing it with the identity matrix.
This comparison shows that for an assumed set of JA used to com-

pute a set of Cj

determined by Eq. (4.11) are correct within *.01%. This accuracy will

by Eq. (4.10), the computed values of U:
be maintained if the CJ values are known accurately; ie, within an
error determined mainly by the magnitude of the inverted S-matrix ele-
ments.

If "measured" values of Ci are derived from the flux density
function J'(O.) then the actual C‘-_ values are obtained from the

"
basic Eq. (4.1). If the measured values of C“. are denoted by C;

4
"

and related to CA- by the equation C‘- = Ci+ &, y vhere the

actual value of A‘-l is not known, then by Eq. (4.11)

SIS I C 3 N
=2 (S Ci+8:] »
=3 (s )“A; + J’.,
=AT, + Ty ) AT, = 5 (S )y e (4.12)

By Eq." (4.12) 1t can be seen that the error in the computed value of J

is proportional to the absolute value of (gl);J for a given set of

A i . It has been found that the values of the inverted matrix
elements 1ie between -5000 and +5000 so that an error of 1% in the count-
ing rate would give rise to unrellable J-values. Although S':l has been
computed with sufficient accuracy, owing to the smallness of det(S),
small errors in Cl can produce physically meaningless JJ: ; this has

been tested by using C values with assumed values of Aiand it has
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been found that the measured (C -values are not accurate enough to
produce physically meaningful :Ja by Eq. (M.ll). Hence it has
become neceésary to search for other methods of solving ill-conditioned
matrix equations. Recently, a new method his been developed to solve
such ill-c;nditioned equations. The method essentlally involves the
construction of a matrix C which satisfies the sum condition on S"1

and which produces approximately the same result as S-1 when very accu-
rate data is used. For thils, it 1s expected that the C-matrix elements
will be small in magnitude and tend to form the s™) matrix elements in

a certaln limiting case. The computed C-matrix elements do satisfy

these conditions and have been tested in many cases of assumed J (© ')

functions and have been found to be satisfactory for the present problen.

An outline of the derivation of the C-matrix is given as follows:

For the equations
C| * SIIJ-; + Slz Jz.
Cz = S]QJ;. + 82| Jl-
C3 = Sana—l + Sazu;.

where'Jl and J2 are the unknowns, using only one pair out of three poss

ble pairs, two unique values of J, can be determined provided that the

i
corresponding coefficient determinants are not zero. But if a small
error is introduced in the value of Ca such that C3 + E.‘! =S, 9,
5333'1 then there are three different pairs of J-values

\
(O’:’ 3‘2'. ), (J"z, J’:’) ’ (a“,’, 3;3/ corresponding to the three

pairs of C-values, (C.”C‘_), (C,,CJ),(CI, Ca)' However, {rom

(4.13)

i-
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the construct

T\ _ B BN/ 80 8\ &
5’; | (B-')zl( ')zz S 'Szz Saz C;+E,

(4.14)

where

Su S
_ (S S2 S )
( B) (Slz Szz sz Sll

it can be.seen that the solution obtained from 3q. (4.14) may be dis-
tinct from all the three pairs (U:,U’z: ), (U..z, J}f’) 9 (3'.3, 313)
owing to the fact that the error in C:a has been averaged out 1n some
way in producing the set (5:, [ -J_';_). Also, it can be seen that in
the limit of EC 4= O , the solution produced by iq. (4.14) is the
same as-any one of the pairs (U':, 3;_' )’ (a-.z) .J.a.a') ) (T.’, Tz_')o
This method of averaging out the error in the data can be generallzed
to the case of a square matrix by using an intermediate matrix which
has the effect of averaging the errors in the counting rate values.

Thus, consider

S lkmias [T a0 5, 5
N
T (©) = 2 ApFy(0);

(4.15)

=J(g;)= Z.‘A,AP,‘(O) if_;'\y Ay IN€18 5



so that ig. (4.10) can be written

18
C4.= & S&JJ‘—, 5
=2 Si( B ¥uAn) V=395
N 18
-FZ;':(J" SiJ\Ijr.)At‘ ‘
' 18
TA'-I*=J-| Sijg"JJP' ’ e
N
Ci=g TirAp - -

Multiplication of both sides of Zq. (4.17) by the transposed 'T' yields

18 '8 N N
Z TuCi=2 é(TWTz,L)A!.,ﬁ?;]. By Aw? s
. 18

and multiplication of both sides of Zq. (4.18) by the inverse of the
B-matrix, ylelds further
\@

N N -
LLE) =2 ;’;.(s Jes By A
=Z“:'S(|~A"=A‘ . (4.19)
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By #q. (4.15) substituting Ax from Zq. (4.19), yields

N

5 (B T Ci v

=

oQ

A=

-'M

L=

Mz M=

P,

J.'; JH-AI" ’

18

N -1 |
izl é‘:(a >M9T"-'9CC 3 (4.20)

B

0

\ N N

= (Z = kl{-,p(B.‘)p—EOCL

iz CpE Y=

Bquation (4.20) becomes, by interchanging the order of summation,
[} 4

J -‘&.' JL

N N o)
where C"J = §' ;: ?‘”SB )’\9“39 3 (&.21)

) 18 -
Equation (4.21) is of the form a’ = S (5 ) . Ci R

It can be shown that in deriving the C-matrix, the value of N must be
chosen less than the maximum value which the 1 or J index can take
(here, it is 18). When N is greater tnan 18, the determinant of B

can be shown to be zero which renders the C-matrix meaningless. When
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N :'8, it can pve seen that C‘J = 5.‘)iJ for all allowed L,)
values. Hence N should be chosen less than 1E. { 1s to be noted
that for N too close to 1 trne initial approximation of a function
3’(9') by a few clements of an crthonormal set becomes inaccurate
vhen the ra.nge of 9. is large. Thus an optimlsation of N was
attempted from voth theoretical and experimental sides and 1t was found
that a good value of N is 12 for the case of a polynomial of even
powers is used for the orthonormal set. ¢t has been determined further
that the selection of N should be based on (1) the predicted error in
the C- values, (2) the rate at which C drops to its minimum, (3)
the error in recomputing the C- values from the U'. values computed
from 3q. {4.20), (4) the type of orthonormal set used in computing the
C- matrix. The analysis has shown that in the computation of

using Eq. (4.20) the selection of N ovased on item (3) can be attained
by computing the (- matrix elements for N=3 ) 6 '7 g ana
using cosine functions as tne basic orthonormal set of even functions,.

Thus, in a more explicit form, Eq. (4.20) may be written

J ZCA-J J ’ N 1,2,00001, (4.22)

In the final determination of :T‘ ) 3 selectlon is made out of the

set (:r U J') J. , J' )based on the accuracy with

which the 1nput C-‘v‘alues can bte rccomputed f{rom

C 2 SAJ ) JZ'F sS4 C ka (4.23)

-
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It was determined that . in all practical cases, the percentage difference
n N_ -, ~N , , ot
D& = 290 (C; C‘)/(Cé + Ci) 1s witnin 5% which is less

than the errror in the (}-data.
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4.3 Directional count-rates Cobs(e) and C (6) and flux densities J(6')
vs 6, 6' for Natural and ARGUS trapping. Results and concluslons.

The analyéis and procedure of Secs. 4.1 and 4.2 above were applied
to Passes ul& and 454 of Explorer IV over Huntsville, Alabama for both
the ‘Natural and ARGUS trapping to attain observed count-rates Cobs(e)
and true count-rates (observed count-rates corrected for deadtimes,
effective counter area and efficiency)C(6) vs 6 (petween scintillation
counter axis and the plane perpendicular to the geomagnetic field),
and directional flux densities J(6') vs 6'. Figures 4.3, 4.4, 4.5 and
4.6 along with explanatory captions are the results.

Any conclusions concerning the directional flux density distribution
of trapped particles must be considered as tentative since Passes Ulu
and 454 only have been analysed for J(6') vs 6'. The reason for the
limited amount of data analysed to date is the inherent nature of the
ARGUS trépping. A great deal of computational work is involved in the
analysis of the data to achieve directional flux density distributlons
for ARGUS trapping as has been noted in Chaps. 2, 3, 4. It is necessary to
analyse each modulation of the observed count-rate cobs vs time (see
PFigs. é;9, 2.10, 2.11 lower) separately to attain a series of corres-
ponding J(6') vs @' curves. In the present work this detailed analysis
has been completed for Pass 414 only. For the limited results indicated
by Pigs. 4.3 - 4.6 the following "conclusions" are suggested

(1) The natural directional flux density distributions J(6') vs 6'
(Pass 414, Pig. 4.3 lower right; Pass uUsu, Pig. 4.5 right) are roughly
constant in space and time in good agreement with early published results

(Weber, et al 1962). The essential characteristics for the naturally
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trapped radiation are

‘ . Half-width at
Pass J(6') maximum half-maximum

(h whm)
414 7 x 107 em Csec lstert 21°
45y 5 x 107 cem~%sec Yster™t 28°

The maximum flux densities J(@') maximum noted are in excess of those
previously reported for nearby regions of space because of corrections
resulting from the more recent calibrations (Baicy, et al, 1963).

(2) The ARGUS directional flux density distributions for the trapped
particles are more variable in shape both with time and space location
than are the corresponding natural radiations. The ARGUS J(6') vs @'
curves (Pass 414, Fig. 4.4 lower; Pass 454, Fig. 4.6 right) are gener-
ally flatter (near the maximum of the curves) than for the corresponding
natural radlation. Especially, the J (6) vs 6 half-width at half-maxi-
mum appears to be a variable which may change for each modulation of

the count-rate (see co vs time curves, Figs. 2.9, 2.10, 2.11 Lower).

bs
As discussed in Sec 3.4 the important factor in the J(6') vs @' shape
variation appears to be the variation in the omnidirectional penetrating
background radiation which is shown by curves B in Figs. 2.10 and 2.11
Lower. The essential characteristics for the ARGUS trapped radiation

are

Half-width at

Pass J({@') maximum half-maximum
(h w h m)
414  (1.0-1.9) x 108 em~2sec” lster™! 24-30°
4sy 0.65 x 108 cm~2sec " lster~! 16°
85



It 1s necessary clearly that a great deal more data analysis for
ARGUS trapping is required to understand more fully the directional
flux density distributions J(6') vs 6'. From such results the ARGUS

mirror point distributions would be obtained immediately.
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Fig. 4.1.

Geometry involving scintillation counter axis
direction ( 6’ unit vector), magnetic flux
density direction ( 6, unit vector), particle
flux density direction (specified by solid angle

m. orientation) and various angles.
Cos = Cose'Sing Sim¢'+ Sim@'Cose
ws d(V= Cose'de'dd’ .
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Fig. 4.2.

Response of S{ ¢ ) of Detector A, directional scintillation

. counter, vs the angle ™ between the counter axis and the

direction of the incident P-radiation (Baicy et al, 1962).
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Fig. 4.3 Directional count-rates and flux densities of naturally
trapped_radiation vs angle 6 (between couhter axis and plane -
perpendicular to geomagnetic field direction) obtained by
analysis of the data from the scintillation counter (Detector A)

" on Explorer IV a few minutes before entering the ARGUS region
(Event I), Pass U414,

The space location data are (for 250.0 UT): geographic lati-
tude and longitude, 3.8° N and 276° E respectively; L, 1.40;

B, 0.164 gauss; altitude, 1781 km.

Upper and lower left. Observed count-rates Cobs(e) for time
intervals noted on plots. Count-rates obtained as explained in
Chap. 2. The plotted points are located by the numbers along
the curve; numerals 1, 2, 3, 4, 5 indicate count-rate vs 6 for
individual modulations as shown by Fig. 2.9. The dashed portions
of fhe curves are theoretical extrapolations.

Upper and lower right. True count-rate C(6) obtained by cor-
recting cobs(e) for deadtime, effective area and counting effi-
clency of the scintillation detector. Directional flux densities
J(b') obtained as explained in Chap. 4.

The J(6') cutoff and half-width at half-maximum (h w h m) are

about 72°‘and 21° respectively for the lower right plot.
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Fig. 4.4 Directional céunt-rates and flux densities vs € for the
scintillétion counter during penetration of the ARGUS region
(Event I) a few minutes later than for Fig. 4.3. Cobs(e),
c(6), and J(6') were obtained as for Fig. 4.3.

The Space location data are (for 256.3 UT): geographic lati-
tude and longitude, 17.6° N and 285.5° E respectively; L, 1.68;
B, 0.221 gauss; altitude, 1518 km.

The lower case letters b, c, e relate the data of Fig. 4.4
with that of Fig. 2.10 Lower where the same letters are em-
ployed for corresponding data.

The dotted portions of the curves are theoretical extrapola-
tions.

The J(6') cutoff and h w h m are about 75° and 24° respectively

ror‘the lower right plot.
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Fig. 4.5 Directional céunt-rates and flux densities of naturally
trapped - radiation vs 6 obtained by analysis'of data from the
scintillation counter (Detector A) a few minutes before
Explorer IV entered the ARGUS region (Event II), Pass U5k,
Cobs(e), c(6), and J(6') were obtained as for Fig. 4.3. The
dotted portion of the curve 1s a theoretical extrapolation.

The space location data are (for 299, UT): geographic lati-
tude and longitude, 4° N and 250° E respectively; L, 1.35;
B, 0.157 gauss; altitude, 1875 km.

The J(6') cutoff and h w h m are about 60° and 28° respec-

tively.
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Fig. 4.6 Directional céunt-rates and flux densities vs 0 for the
scintillation counter during penetration of the ARGUS region
(Event II) a few minutes later than for Fig. 4.5. Cobs(e),
c(e), and J(e') were obtained as for Pig. 4.3. The dotted
portioﬁ of the curve 1s a theoretical extrapolation.

The space location data are (for 310,UT): geographic lati-
tude and longitude, 27.8°N and 270° E; L, 2.08; B, 0.269 gauss;
altitude, 1405 km.

The J(6') cutoff and h w h m are about 40° and 16° respec-

tively.
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Chapter 5

Omnidirectional Count-Rate versus Time. Decays of Omnidirectional

Radiation. -

5.1 Analysis of omnidirectional count-rates, Detectors D and C,
Explorer IV

An analysis was made of the data obtained through Channels 1
(Detector D) and 3 (Detector C), the shielded (1.6 g/cmz, lead) and
unshielded Anton 302 G-M counters respectively (see Fig. 2.1 block
diagram). Detector C had no intentional shielding beyond that of
the satellite shell and contents and was sensitive to electrons of
energy greater than 3 MeV. The shielded Detector D had an electron
energy threshold of 6 MeV.

An automatic digitizer was used to analyse the telemetry playback
data and transform it to punch cards and a computer program was used
to obtain true count-rate by correcting for the counter deadtime,
62.5 microseconds. The Explorer IV Passes selected for analysis were

those over the Huntsville ground station, as follows

ARGUS Event I
Puss  Pass  Pass
August 27, 1958 41y 415 416
August 28, 1958 427
August 29, 1958 k4o
August 30, 1958 453 454
August 31, 1958 466
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Pass Pass Pass

September 1, 1958 479
SeptemSer 2, 1958 Lg2
September 3, 1958 505
SepteAber 4, 1958 518

ARGUS Event 11

August 30, 1958 453 454 455
August 31, 1958 L66
September 1, 1958 479
September 2, 1958 492

(The Passes tabulated above are arranged in 3 columns each of
which corresponds to about the same region in space relative
t6 the earth - the Explorer IV satellite orbital frequency

was about 13 orbits/day).

FPigures 5.1 and 5.2 are sets of omnidirectional count-rate data
plots cprresponding respectively to ARGUS Events I and II. The
figure captions contain explanatory information. The curves shown
are smoothed averages of true (corrected) count-rates with the actual
points not included.

Figures 5.3, 5.4 and 5.5 show the decay of the ARGUS shell versus
time elapsed Te since Event I, or II, for various L (B-L geomagnetic
coordinates) values. In Pig. 5.3 the data points for Passes 505 and
518 exhibit increases in ARGUS shell intensity (count-rates) which
are due probably to a geomagnetic disturbance (Report, State University
of Iowa, 1959).
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D, Difference [A (unshielded) - B (shielded)] count-rates
vs time. Assuming that electrons oniy are counted the
difference A-B measures roughly the omnldirectional
tcounts/sec due to all electrons of energy between 3 and

6 MeV. The differences A-B are for count-rates above
background.

Te, time elapsed (approximately) since Event I.
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Figs. 5.2 True count-?ate vs time for omnidirectional G-M counters
during'ARGUS shell penetrations following Event II for Passes
453, Usl, us55, U466 and 479 of Explorer IV Satellite over
Huntsfille, Alabama. The data have been smoothed so that the
various curves are averages of points which are not plotted.

The set of 4 plots for each Pass are arranged as follows:

A, unshielded G-M counter (Detector C, Channel 3)
which counts electrons of enérgy greater than 3 MeV;

' the background has been drawn in by estimation.
B, shielded G-M counter (Detector D, Channel 1)
which counts electrons of energy greater than 6 MeV;

‘ the background has been drawn in by estimation.
C, Ratio of A (unshielded)/B (shielded) count-rates vs
time. Assuming that electrons only are counted the A/B

ratio can be expressed

Ratio A/B = [(S’w(s) de)/( ﬁ(s) d€) ],

3MeV GMeV

where N(E) is the true omnidirectional counts/sec
per energy interval in MeV, and tﬁis the time as noted
by the abscissa. The ratios are of count-rates above

background.
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D, Differenc;e [A (unshielded) - B (shielded)] count-rates
vs time. Assuming that electrons onl& are counted the
difference A-B measures roughly the omnidirectional
¢counts/sec due to all electrons of energy between 3 and

6 MeV. The differences A-B are for count-rates above
background.

Te' time elapsed (approximately) since Event II.
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Fig. 5.3 Decay of ARGUS shell vs time elapsed Te since Event 1
for various L (McIllwain B-L geomagnetic coorginates) values.,
The plétted points are true (corrected) omnidirectional
count-rates of the unshielded G-M counter (Detector C, Channel 3)
during ARGUS shell Event I penetrations of several Explorer IV
Passes. The count-rates are differences between total and back-
ground count-rates due to electrons (assuming B-particle trap-

ping) of energy greater than 3 MeV.
Data for Passes 492 and 505 were taken from (Report, State

University of Iowa, 1959) L values were obtained of GE TEMPO,
Santa Barbara, California through the offices of Major Charles

W. Hulbert, Defense Atomic Support Agency.
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Fig, 5.4 Decay of ARGUS shell vs time elapsed Te since Event 1
for the Ratio of A (unshielded G-M counter)/B (shielded G-M
counter) omnidirectional count-rates, for various L values
and Passes of Explorer IV during ARGUS shell Event I penetra-
tions.

The Ratios are of total count-rates minus background. For
Pass 479 (not shown, but refer Fig. 5.3) no counts above back-

ground were observed.
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Fig. 5.9 Decay of ARGUS shell vs time elapsed Te since Event II
for various I values. The plotted points are true (corrected)
omnidirectional count-rates of the unshielded G-M counter
(Detector C, Channel 3) during ARGUS shell Event II penetra-
tions of several Explorer IV Passes. The count-rates are
differences between total and backgfound count-rates due to

electfons (assumed) of energy greater than 3 MeV.
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APPENDIX 1

Power Spectrum

The present appendix includes an analysis of the roll or spin
period “anomély” discussed briefly in Sec. 3.3 and noted by Fig. 3.3.
J. Bock (private communication, 1964) suggested that the anomalous
decrease followed by inérease in the roll period observed by Naumann
(1961) might be the result of mistaking beat rates, between roll and
tumble motion such as |¢- 2 \y | for roll rate w. . To
evaluate this hypothesis, a trigonometric series analysis-or the Detector A
count-rate vs time was carried out for the time interval of interest,
Passes WlY, 427 and 454, Basi:ally the theory involved is as follows
(Blackman, 1958).

If a funetion X{(t) i3 duelincd for all times t in the interval T in
which perdodiecities nre o bLe Investigated, the power spectrum function,

P(f) can be written

T/2
CP(f)= /T ,S X (+) &2 gy (a1.2)

limT» 00 /2

1 A oubbel the maa'ma of P(L) occur yield the periodici-
Fhee o X(1), ‘Oetasite rietho ) of calculating P(f) involves the

(T\ defined as

anfoe ooy o Dt Yo

T/2

C (t) = limi/T X(?)X(fm (Al.2)

T+w -T/2



where T 1is called the lag time. Also, P(f) is the Fourier transform

of C(T ) and so may be written

%0 -i2wir

C(t)e dr . (A1.3)
00

P(f)= |

For functions X(t) which are defined for a finite time interval
but not for all t (for example, the Detector A count rate function), an

apparent autocovariance function Co( T ) may be defined as

(r-trh)ze
m

Gy (T) = 1/(T: k) X (t-v/2) X(t+7/2)dt;
| 4Tt/ 2

lel< T, (w
m

and
C (¢)=0; for Izl > T _;
0 m

where 'r'rh < T (typically T is T /10). Considering Eq. (Al.4),

Eq. (Al.3) can be expressed as

, -iewtt
%(f)* Co(r) e v dr . (A1.5)

-1}“
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Equation (Al.3) applied to a very long record containing sinusoidal

variations with time of discrete frequencies f (k =1,2,...) would

k
yleld P(f) as a series of delta-function spikes at these discrete
frequencies. The effect of using records of finlte length is to
broaden these sharp spikes, so that they appear in the form (sin x)/x

where
X=2 (f - fk) 1}n ¢

The function (sin x)/x is symmetric about x = 0 with maxima at x = O,
7.725, 14.066, 20.371, ... of corresponding amplitudes 1, 0.1284,
0.0709, 0.0490, ....

In the present case the integrals were approximated by finite sums

with

G =1/(n- Z X, X 3r=0,,..
r ( r)':o ' X{+r 'y r O,', m’

X' = X-X, Where X=X (1A1)
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in whicths the average count-rate defined as

n - .
X = |/n Z X‘ (A1.9)
{=

Subtraction of X in Eq. (A1.8) has the effect of reducing the zero
frequency peak in the power spectrum.

To interpret the power spectrum, it is noted that Eq. (3.11) namely
6 *arceln [b'un(w '.+8)- bzsi n¢'+y)c oo(ly '+8)+b3u!¢'+7)eoo(w0+8)l (3.11)

combined wifh the empirical count-rate function used by Bock (op. cit.
1964)

= 4 (A1.10)
Cpos™ (G Joc0S 8

yield an empirical analytic expression for co vs time (see Figs. 2.9

) bs
and 2.10).

Thus cobs vs t (Pigs. 2.9 and 2.10 lLower) can be expressed in a
linear series of trigonometric functions and the squares of the ampii-
tudes of these terms should be directly proportional to the intensitles
for the frequencies observed in the directional count-rate data and also
to the intensities resulting from the power spectrum analysis assuming

a cosue distribution of particle flux. Twenty frequencies, each a

linear combination of the tumble rate ¢ and roll or spin rate w
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and whose amplitudes are not zero were obtained from the expan-

sion of cos 8. The rates J’, $’3¢0m 3¢ have zero

amplitudes aﬂd thus should not appear in the power spectrum. The in-

tensities corresponding to the remaining frequencies are a function of

A .

bl = B'I:_only (see Sec. 3.1). These frequencies and relative inten-

sities are listed in Table Al. .
Table Al shows that dominant frequencies are 2 ¢, 2 4’ ’

¢Z+2 \i, = f“ |¢Z_24.,| = f“ . The relative intensities corres-

ponding to these frequencies 'are plotted as a function of bl in Fig. Al.

Figure Al shows that when b) = 0 [grc os(B-L) =9 O°] both
the 2 ¢ and 2 lll terms have equal intensity while the r+ and f_
A A

terms have zero intensity. As ‘the angle between L and B decreases from
90° to 0° or increases from 90° to 180° the intensity for 2 ¢ Secreases
monotonically to zero which 1s to be expected when OTCOS(B’I:)
approaches 0° or 180° in which cases b2 and b3 go to zero and Pl goes to
unity. By Eq. (3.11), if b, = by = 0, § 1s independent of ¢ and
bl = | and physically the count-rate would show no variation due to
rotation about f. It 1s also clear by Table Al .that for bl2 =1 all
intensities involving $ go to zero and 2\ and 4#; alone
are present.

The behavior of the intensity for frequency 2& was thus expected

physically. However the variation of the intensities of 2“, > r+,
and {_with bl could not be anticipated from physical considerations.
It is seen (Fig. Al) that the intensity for 24; decreases to zero
for a value of about .553 for bl; this corresponds to orCOS(B‘L)

about 56.5°. The intensity for aw then rises to a very large value
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for b, = 1. The behavior of the intensities for f, = b+ 2y

L}

. ’
and f_ |¢;.. 2 W| is almost the reverse. They are zero

at bl = 0 and 1 and are a maximum for b1 about .568 corresponding to

AA .
OfCOS(BoL) about 49°. Since this latter intensity is
near its maximum when the intensity for 2 V[ is zero, it 1s seen
that the frequencles f+ and f_ are dominant over 21‘, in the range

.33 < b, <.79; while for b, outside this range, 2 w is the

1
dominating frequency.

1

For Pass U454 during the time interval from 300.0-305,0 UT bl was
calculated to vary from .0l to 0.36. It was during this interval that
the long term periodicities mentioned by Naumann (1961) representing
21( were measured. Figure Al shows that 2\" should be the domi-

nating frequency. However for Pass 414, b. was calculated to vary

1
from 0.33 to 0.70 in the interval from 250.0-255.0 UT, Fig. Al shows
that '¢:1 2 \ill ‘would be the dominating frequency. In
Fig. 3.3 the frequency '¢-2 \i’l is plotted with squares for
Pass 414, 427, and 453,

The appearance of harmonic or beat frequencies in the count-rate
vs time- data appears to account for the apparent anomalous behavior
of the roll period vs time as determined by Naumann and plotted as
circle points in Fig. 3.3 (in the interval August 24-29 approximately).
J. Bock (private communication, 1964) identified the dominant frequency
in the anomalous region as | $- ZJI' rather than 2".'
and the present analysis agrees with his 1dentification.

An example of the power spectrum analysis is given by Fig. A2 for

Pass 414 which falls within the region of apparent anomalous behavior.
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The frequencies and relative intensities of the dominant peaks are

peak frequency (cycles sec'l) relative intensity
1 0.0080 703

2 0.0430 618

3 0.0628 141

4 0.1859 108

5 0.2935 138

6 0.3306 296

7 0.4792 114

Peak 1 1s not.physical but results from the finite range of integration
over T , Side lobes of peak’l (due to the sin x behavior discussed
above) appear to have interfered with peak 2 1n§reasing its intensity
somewhat., Peak 3 1s interpreted as a side lobe of peak 2 since a side
lobe calculated by Eq. (Afe6) occurs for f = 0.0635. Peak 5 is at the
frequency corresponding to 2¢ the tumble period being about 7
seconds. Since peak 6 appears at a lax.'ger frequency than for _ 2¢ and
has a greater intensity than for 2¢ it must be interpreted as
associatéd w:.lth the frequency ¢Z+2 \p because 2\" never
exceeds 2 ¢ for Explorer IV after the iaropeller-like motion is es-
t:ab}}shed, and from Fig. Al no other frequency could exceed that for

1

2 ¢ in intensity except at large values of b. when the 2¢ peak
. . .
would be buried in noise. Peak 6 could not be associated with |¢-2 \‘l'

[ . . '
since if 4; <¢ one can show '¢-2 W|‘ ¢ The
interpretations of peaks 5 and 6 of Fig. A2 yield

4) tumble frequency = 0.1468 cycles sec™t

Y roll (or spin) frequency = 0.0919 cycles sec™) (A1.11)

From Eq. (Al-11), as a cross check

frequency corresponding to |¢—2W| 0.037! cyles/sec

0.18 38 c;clles/sec

frequency corre sponding to 24'/

frequency corresponding to 24.»2\& = 04774 cycles/sec  (A1.12)

% |




‘x

?he assignments above allow the identification of peak 2 (.0430 cycles
sec"l) as dug to |¢-2\p|’ peak 4 (.1859 cycles sec'l) as
due to 24‘1 and peak 7 (.4792 cycles sec™t) as due to 2¢+ 2 \i'
The values o; Eq. (Al.11) compare with Bock's more accurate values for

Pass U414 as follows

qb tumble frequency 0.14490 cycles sec™t

0.09382 cycles sec™t (A1.13)

‘L roll (or spin) freaquency
From Eqs. (A1.11) and (Al.13), it is seen that about a 2 percent differ-
ence exists. Using Bock's values, Eq.(Al.13), yields for frequency
corresponding to 2 JI - 4’ = 0.0427, in much better agreement
with the peak 2 value than as stated by Eq. (Al.12). However the fre-
quencies obtained by a power spectrum analysis would be close enough to
the correct values to be useful as starting parameters in the "closure
search" procedure described in Sec. 3..3.

It ap;;ears possible also to perform an orientation analysis with the
power spectrum. If a separate power spectrum were computed for each
minute of a pass, and the relative intensities of the relevant peaks
examined by use of Fig. Al, an average bl for that minute could be ob-
tained." A plot of bl vs time then could be made and a determination of
the absolute direction of £ carried out. Such procedure would be the
same type as done by Bock (1964) except that he used an analog device
in which only count rate maxima were involved. The method here described
would use all the data and might possibly yield better results, that is
if the signal-to-noise ratio were large enough. Figure A2 is the power
spectrum for the entire Pass 414 consequently the intensities have been

averaged over about 9 minutes, during which bl varies from 0.3 to about

0.8.
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Table Al. Harmonics and beat frequencies of tumble rate qb and roll (or spin)

rate q, obtained by expansion of cosue (Eq. (3.11)) in a Fourier type series.

Harmonics and
beat frequencles

| ;345

4¢

2y

4y

<i5-+2'\l.l = f.
I$-2¢L=L
¢f4¢.
¢ - 4y
2¢+2 ¥
l2¢-2yl
2dnay

| 2 - 4yl
3+ 2y
13¢ - 2yl
3¢+ay
13-4y |
4¢+2¢
lag-2y |
4+4
l4g-4 ¢ |
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Calculated intensity
1, = /28 (1482 (5-302)2
1, = 9/2'% (1-68)*

I, = /8 5-18b5 + 5b2 2

3
1, = 1/2* 3-300% + 35b2 2
I, = 1/28 bf (1-b§) (5-bf)2
Ig = I,
1= 1728 bf (1-b§)(3-7b§)2
Ig = 1,

: 6 2,2 2,2
19 = 1/2 (1-b1) (1+b1)

I..=1

10 9

10 2,2 2,2
I11 = 1/2 (l-bl) (l-7b1)

he=In

S Veu b5 (1-v2)°
Ly = 133

I = Vo vf (1-63)
Lie = 115

Ig = 1/21° (1-bf)“
Iig =17

1= 1724 (1-bf)“
I0 = T1g



Fig. Al. Several harmonic and beat frequency intensities, from

Table Al, vs b The frequencies involved are A ’ 2¢;

B2y; Dl¢s2yl: G,l2¢ 2l

The ordinates have been multiplied by 212.
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Fig. A.2 Power Spectrum Aﬁalysis for Pass 414. Relative power
or intensity P(f) is plotted vs tumble and roll (or spin)
beat frequencies or harmonics. The numbered peaks, 1 to 7,

are explained in the text.
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