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' I ABSTRACT

This report describes recent investigations of the data obtained by theI• Jason sounding rockets during the Argus tests. These instrumented rockets

' •detected electrons which were injected into the geomagnetic field by the

Idetonation of nuclear devices at high altitudes. The original analysis of

the data has been published in the open literature; the further investigations

reported here yielded: (1) the orientations of the detectors with respect to

a plane perpendicular to local magnetic lines of force, (2) the calibration

of the detectors in a planar flux of electrons as functions of electron energy

and orientation of the detectors with respect to the electron plane, and (3)

a re-evaluation of the Jason data based on items (1) and (2) and on recent

data on characteristics of the natural radiation. The conclusions verified

the results of the initial analysis regarding the location, width, and

stability of the electron "shell" produced by the Argus II detonation, as

well as the presence of a less intense electron flux in wide regions (wings)

avay fr- the shell. A point of departure was that the electron spectrum was

much mure in agreement with the fission beta spectrum than that resulting from

the initial analysis. Within the accuracy of the data, the spectrum was found

to be independent of the spatial locations of the rockets or of the passage of

time. The deca of the flux appears to follow a time dependence of t 1 "15 + 'O 3

and a lower limit to the injection efficiency appears to be 0.013.

I PUBLICATION REVIEW

This report has been reviewed and is approved.

1JOHN J. DISHUCK
Colonel USAF
Deputy Chief of Staff for Operations
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1. INTRODUCTION

The Jason data refer to the information on the geomagnetic trapping of

electrons obtained by sounding rockets during the Argus tests. These in-

strumented rockets detected electrons which were injected into the geomag-

netic field by the detonation of nuclear devices at high altitudes. Project

Jason was directed by the Air Force Special Weapons Center, and personnel of

the Physics Division of the AFSWC performed tne initial analysis of the

data.
1

A more thorough analysis of these data, however, was dictated by the

military and geophysical importance of the Argus experiment and the restric-

tion on the continuation of similar experimental investigations. In particu-

lar, analytical work was needed to compute the body motions of the rockets in

free flight in order to correlate the counting rates of the detectors with

the orientations of the detectors. Also, experimental work was required to

determine the response of each detector as a function of electron energy and

as a function of the orientation of the detector with respect to the distri-

bution of the electron flux. By establishing these essential characteristics

of the measurement system, and also by utilizing relatively recent information2

on the spectral and spatial properties of the natural radiation, a better

deduction of the results of the Argus experiment was expected.

This further analysis of the Jason experiment is given in this report.

1.1 REVIEW OF EXPERIMENT

In the Jason program, nineteen four-stage solid-propellant rockets were

launched from Wallops Island, Virginia, Cape Canaveral, Florida, and Ramey

Air Force Base, Puerto Rico. Table 1-1 gives a summary of the rocket program.

1. "Project Jason Measurement of Trapped Electrons from a Nuclear Device by
Sounding Rockets," by Lew Allen, Jr., James L. Beavers II, William A.
Whitaker, Jasper A. Welsh, Jr., and Roddy B. Walton, Proceedings of the
National Academy of Sciences, August 1959; and Journal of Geophysical
Research, 64. 893, 1959.

2. "Energy Spectrum and Angular Distributions of Electrons Trapped in the
Geomagnetic Field," by J. B. Cladis, L. F. Chase, W. L. Imhof, and
D. J. Knecht, Journal of Geophysical Research, 6, 2297, 1961.

1
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Rockets which performed properly generally reached altitudes of 700 to 800

km. Six of the rockets failed to operate as planned. Ten of the remaining

1rockets were launched successfully following the second nuclear detonation.
Of these, only the five rockets which were launched from Wallops Island,

I Virginia, traversed the electron shell. These rockets were launched at time

intervals after the burst ranging from 28 minutes to about 89 hours.

IThe radiation-detection instruments consisted of eight geiger tubes with
various absorbers and collimators. A diagram of the instrumentation package

is shown in Figure 1-1. The detectors in Channels 1, 5, 7, 3, and 6 are

referred to in the text as the long detectors. Each of these detectors

utilized the same type of geiger tube, an Anton 106-C. Of these, only the

detectors in Channels 1 and 5 were rather highly collimated, as shown in

Fi&are 1-1. The detectors in Channels 2, 8 and 4 are referred to in the text

j as the short detectors. These also utilized a single geiger tube type, but

it was an end-window Anton 222R. All of the 222R detectors were highly colli-

mated, each in the manner shown for the detector of Channel 2 in Figure 1-1.

Roughly, the absorbers were selected such that the detectors in Channels 7

and 8 had thresholds at about 440 key; the detectors in 3 and 4 had threshold

energies of about 1 Mev, and the detector in Channel 6 was alone with a thres-

hold energy of 4.3 Mev. The detectors are described more fully in Section 3.

The output pulses of the geiger tubes were sequentially sampled for a

time duration of about 1/75 sec with a multi-segment commutator, and the pulses

were transmitted directly to ground stations. In the telemetry records,
regularly spaced synchronization pulses appeared, followed by pedestal-shaped

signals, each of which corresponded to a sampling of the output of a particular

detector. The geiger tube pulses appeared at the top of the pedestals. For

each Channel, the counts per pedestal were determined visually by personnel of

the Air Force Special Weapons Center and recorded as a function of time.

These data, together with the trajectories of the rockets and the telemetry

signal strength records received by the six ground stations of the Air Force

3 Missile Test Center range were used in this study.

L
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!
1.2 GENERAL METHOD OF ANALYSIS

A correlation of the counting rates of the detectors with the orientation

of the longitudinal axis of the rocket in space, as desc -ibed in the following

section, revealed that the distribt Aton of the electron flux was symmetrical

about a plane perpendicular to the local geomagnetic lines of force. Moreover,
the angular "spread" of the electron paths about this plane (pitch-angle

distribution) was found to be narrower than the angular apertures of the

collimated detectors (half-angle at half-height of about 150).

It was unfortunate that the detectors were not collimated sufficiently to

permit a measure of the pitch-angle distributions of the electrons and hence

obtain the distribution of the flux along magnetic lines of force. But an

initial experiment in an unknown area rarely yields allthat is desired!

However, since the distribution of the electron flux about the normal

plane fell within the collimation apertures of the detectors, the total flux

and the spectrum of the electrons along the paths of the rockets could be

determined by relating the counting rates and the response functions of the

detectors to the orientation of the detectors with respect to this normal plane.

This method of analysis yields a planar flux; that is, a flux distribution

such that the electron velocity vectors are uniformly distributed about every

point in planes normal to geomagnetic lines of force but have no componentsI -2out of these planes. If a planar flux is given in units of number • *m
-  .-l

sec , the numerical value of the flux equals the number of electrons/second

which traverse a spherical detector of 1 cm2 cross sectional area. Since such
a detector would be traversed by the same number of electrons per second if

located in an omnidirectional flux numerically equal to that of the planar flux

and given in the same units, the planar flux evaluated by the analysis dis-

cussed below is numerically identical to the omnidirectional flux. The plane

of the flux (normal to geomagnetic line of force) is referred to in this

report as the radiation plane.

Now, if the angles ?7 and I) are used to specify the orientation of a

3 detector with respect to the radiation plane, then the corresnonding geometric

function of the detector will be defined by means of the equation,

5
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Ri( tI) - Jf()G iev 7l r E)dE,(i)

where

;.(j correcte counting rate of geiger tube in
Channel i, oriented at angles 17 and tr
to the radiation plane,

f(E) n planar flux of electrons in units of number
cm-2 0 sec-l * Mev "1 .

i ,T,E) - geometric function of detector in Channel i

(units of cm2 for detection of planar flux
of electrons of energy E when oriented at
angles ' and ' to the radiation plane.
Note that G indludes the detection efficiency
of the geiger tube.

With the counting rates, R,, correlated with I and /r as described

in the following section and the geometric function G( o ,, E) determined

experimentally as described in Section 3, the planar flux f(E) was "unfolded"

with a digital computer from the integral equations (1-1). The computer

program used to deduce the flux is described in Section 4.

A digital computer was used to correlate the counting rates, Ri, with the

orientation angles 17 andy . These orientation angles were computed for

each time at which a detector outpqt was sampled. The read-out record from

the computer listed the following information for each sampling of a

detector cr..put: the time of the sampling; the counts per pedestal; the

corrected counting rate; and the orientation angles 17 and Y . A "dead

time" correction of 70 microseconds was applied to the counting rates. This

"deed time" for the detection system was estimated from the time resolution

of the gelger-tube pulses Sn the oscillograms from which the counts per pedes-

tal were read.

The values of R used in Equations (1-1) were those which were averaged

over certain intervals of time and angles 1 and T . This was done to

improve the overall accuracy of the results.

6
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I

2. BODY MOTIONS OF ROCKET IN FREE FLIGHT

The body motions of the rockets in free flight were determined by using

both the counting rates of the detectn-s as a function of time and the

antenna signal strength records. The analysis conducted to evaluate the

time-dependent angles 'q and r which gave the orientation of each

detector with respect to the radiation plane is described in the section

below. In the following section, the evidence is given that this radiation

T plane was normal to the local geomagnetic linies of force.

2.1 ORIENTATION OF DETECTORS WITH RESPECT TO RADIATION PLANE

The analysis of the motions of the detectors with respect to the radi-

ation plane will be described with reference to the diagram shown in Figure

2-1. Here, a sphere is depicted with its center at the center-of-mass of

the rocket. The labelled dots on the sphere represent the points at which

the following vectors intersect the surface of the sphere: 9 is aligned

with the spin axis of the vehicle, A is the constant angular momentum

vector, B is the locvl geomagnetic field vector, 6 is a vector in the plane

normal to S and directed along the center of the angular apertures of the

detectors in Channels 1, 3, 5, 6 or 7 (for the detectors in Channels 2, 4,
or 8, C is along the projection of the collimator axis in the plane normal

1 to S). As shown in the diagram, 9 is the angle between A and B, is the

angle between B and S, and ! is the angle between A and 9. Three lines

of nodes are also shown: n(0,A) is drawn normal to t and A, n(b,g) is norial

to t and §, and n(R,g) is normal to A and S.

The vector C rotates in a clockwise sense about S with the constant

angular velocity 6Ws (spin rate). The angular displacement of C will be

I represented by @s(t) = W s t + ds, measured from the 9,A plane. The spin

aXis 9 rot~tes in a cone about A, in the clockwise sense, and with the constant

angular velocity W)p (precession rate). The angular displacement of the A,9

plane will be designated by Q (t) = Pn t + dp, measured from the node
i n(S, A).

7
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From this diagram the following relationships can be obtained:

cos7 = cos 0 cos C - sinG sing sin ( + d p), (2-1)

/K est + ds  -V(t), where (2-2)

7()=, tan-if [ sin 9ctn 9+ cos sin (4) Pt +d )]
# sec (k) pt + dp) (2-3)

Hence, the orientation angles 17 and / can be determined as functions of

time by evaluating the constants LJp (A) a P ') s , and .

Fortunately, not all of these constants are mutually independent. The inter-

dependencies of these constants and the methods used to evaluate them are

discussed below.

2.1.1 DETEMINATION OF PRECESSIONAL ANGULAR VELOCITY

The constant 6W) was determined from the telemetry signal strengthp
information which was recorded by a number of ground stations. A rotation

of § in a cone about A was discernable in the record because the signal

strength varied in accordance with the aspect of the antenna pattern

(quadrupole) to the receiving station. Hence, the period of precession,

T = 2 TT /Ct)p , was given by the time duration of a recurrent modulation
tpattern in the record.

In order to avoid errors in this measurement due to a rapid azimuthal

motion of the line-of-sight between the rocket and the ground station, the

signal strength record of a station which was most nearly in the plane of

the rocket trajectory was used. The records of six ground stations, located

south of the rocket trajectory and spanning a longitude range from 80° 32' W

(Patrick)to 610 45' W (Antigua), were available for this purpose.

The examination of the signal strength records revealed that, for every

flight except 2027, the precession Deriod, Tp, was essentially constant over

the entire portion of the trajectory above the "sensible" atmosphere of the

9
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earth. Tae rocket on 2027 exhibited an appreciable diminution of rotational

encrgy during the course of tho 11i.,:sht: The precession period increar'd by,,

nearly 1 and the spin periol iicrca:ed by about .O9 . There Is also some

evidence of such a draft on 1.1(jIt 2024, but the magnitude of thc drift wn r

smaller by an order of magnizude. A. rough calculation indicates that the

decrease of the rotational velocity of the vehicle in free flig,ht was caused

by the interaction of the geoma nietic field with the rotating eonductive

structures and components of the rocket, dissipating the rotational energy

in the form of eddy currents.

The value of T given by this analysis are listed in the second columnP
of Table 2-1.

TABLE 2-1

Flight No. Precession Spin Period,
Period, Tp Ts20-(sec5  (sec.) Degrees Degrees

2019 3.793 + .001 4.861 + .00o4 5 + 2 89.5

2021 30.00 + .02 6.654 + .005 16.2 + 1.5 87.1

2024 17.41 + .o1 1.97 + .02 20.5 + 1.6 84.5
2027 1.818 to 1.830 1.440 to 1.756 5 + 3 89

2042 9.958 + .003 4.292 + .002 4 + 2 88.5

I
2.1.2. DETERMINATION OF ROTATIONAL ANGULAR VELOCITY

The angular velocity, co s, of the rocket about its longitudinal axis,

was obtained from the "radiation signal," defined as the curve obtained

by plotting the counts per pedestal of a channel versus time. (Principally,

Channels 1 and 5 were used for this purpose.) By measuri!g N, the number of

cycles (including fractions of a cycle) of the radiation signal which I
occurred in an integral number, n, of precession periods, the value of Cs

was deduced from the relation, I
s = (N/2n) W p. (2-4)

10
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I
This equation was appropriate because, for every rocket flight, the

angle ! was found to be greater than 9 as described below. If had

been smaller than 0, then the equation,IC s = (N/2n - l) U , (2-5)

would have been used.

-. The equation above can be verified in the following manner: Differ-

entiation of Equation (2-2) with respect to time gives,

7'% LOs + (cos cos 0 cosy )/sin-o i . (2-6)

Since IV is measured from the radiation plane while W s t + ds is in the

first or second quadrants, as shown in Figure 2-1, / equals one-half the

angular frequency of the radiation signal. Hence, the average value of

over the integral number n of precession periods is,

>: .(1/2) • 2Tr N/nTp

(lnTp)f[p + Wp (cos4" -cos 0 cosl' )/sin2 7] dt

- By substituting in this equation the value of cos 1  given by Equation (2-1)

- and performing the integration, equations (2-4) and (2-5) can be obtained.

(After substituting Equation (2-1) for cos '7 , the second term in the inte-

I gral above can be integrated by partital fractions.)

The measurements of the spin periods, T = 27T/Js , of the rockets are

listed in the third column of Table 2-1.

1 2.1.3 DETEMINATIONS OF 0 AND C

In principle, three independent methods can be used to obtain the value

of ( , and two independent methods can be used to evaluate 0. First, the

angle C can be evaluated by considering the vehicle to have the configura-

tion of a "symmetrical" top. Then if R represents the ratio of the small to

I
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the large principal moments of inertia of the vehicle, C is given by the

equation

Cos RC fl . (2-7)

The angle C can also be detenrined by analyzing the signal strength

records. This method is discussed in the following section. The angle @

can be obtained in this way by using available geomaCnetic dip and d-cliria-

tion information.

Finally, the angles _ and 0, as well as the precessional phase angle,

d , can be determined by measui'ing the time variation of the period of the
p

radiation signal within a precession period. Equation (2-6) gives the time

dependence of one-half the angular frequency of thv radiation signal;it

varies from a minimum value of

mi r sin @Isin ( @)

(2-8)

for CO t + d = - T"/2,

to a maximum value of i

/iVm= = s"W sino /sin (C"+ Q),
(2-9)

for .pt + d T / 2 .

Hence, a graph of the time interval between the peaks of the radiation signal

gives the precessional phase angle, dlp, and the extreme values of / .

Equations (2-8) and (2-9) can then be solved simultaneously to yield 9 and

Actually, the extreme values of could not be measured sufficiently

well to determine both C and 0 with good accuracy. A graph of some of the

measurements of the period of the radiation signal within a precession

period of the rocket is shown in Figure 2-2. The time marked 0 on the

abscissa corresponds to the time 0745 s-econds recorded on the data read-out

12
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sheets. From this point on, differences in the times of occurrence of the

peaks were plotted against the time between the peaks given by the "read-

out" time minus the sum of 0745 sec and an integral number of precession

periods (17.41 sec.). The scatter of the measurements shown in the graph

are representative of the data taken throughout the flight.

The value of C given by the signal strength analysis for flight 2024

agreed with the value of C given by Equation (2-7) to within 10 . The

value R = 1/90 was used for the ratio of the moments of inertia. There-

fore Equation (2-7) was used to compute the values of C, for the other

flights. These values are listed in the last column of Table 2-1. ]
For each of the flights 2021, 2024, and 2042, the angle @, listed in the

fourth column of Table 2-1, was then obtained by averaging the values of 0 j
given by Equations (2-8) and (2-9). (The angle computed as indicated above

was used in these equations.) The extreme values of were obtained by

averaging over the entire flight the period measurements of the radiation

signal which occurred at the appropriate times within the precession period.

On flights 2019 and 2027, the precession and rotation periods of the

rocket were comparable in magnitude. Hence, the method used above to deter-

mine the T variation was not applicable. The following method was used to

determine the values of 0 for these flights: Starting at a time To, where

the counting rate of the detector in Channel 1 was high, each value of the
counts per pedestal given in the data sheets was recorded against the time of

occurrence of the pedestal minus the sum of T0 and an integral number of pre-

cession periods. The number of precession periods used in this subtraction

was that wbich yielded a net time interval which was greater than zero but

less than a full precession period. Also, the rotational angle was computed

for eajh of these data points by multiplying the rotational angular velocity

by the time of occurrence of the pedestal. minus the starting time T . A deduc-

tion of 3600 from the rotation-angle computations was made whenever a complV t

rotation was exceeded. After about 300 data points were recorded in this
manner, the precession period wao divided into 12 equal intervals of time,

and the counts per pedestal which fell into each of these time intervals werc

plotted against the rotation angle corresponding to that a1ta point. Each of I
14
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these graphs therefore yielded the contour of the radiation plane (actually

the fold with the angular response of the detector) for a small angular

range of the precession angle. Then a graph was prepared giving the ro-

- tational angle at which the peak of each of these distributions occurred

versus the time increment of the precession period. This graph yielded

a sinusoidal curve; the difference between the maximum and minimum values

- was equal to 28 (strictly true only for = 90, see Figure 2-1).

- A very small displacement of the peaks was observed in these distribution

- curves for the flights 2019 and 2027, and the resulting estimates of the

-- angles Q are given in Table 2-1: (This method of analysis was verified by

applying it to flight 2024.)

2.1.4 MTEIMINATION OF PHASE ANGLES d AND d
p s

The precessional phase angles d were obtained by fitting the curve given

by Equation (2-6), with the values of ( and 9 computed as indicated above,

to the measurements of the periods of the radiation signal within a precession

period. Such a curve is drawn to the data in Figure 2-2.

The rotational phase angle was determined for each group of data which

were read-out consecutively (for each "roll" of data read), by preparing

graphs of the counts per pedestal versus time. These phase angles were deter-

mined in this manner to avoid the large accumulative errors.

1
C

I

1
1 1
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2.2 ROCKET ORIENTATION FROM ANTENNA RADIATION PATTERN

It was not necessary to use the telemetry signal strength records to get

the orientation of the rocket with respect to the radiation plane, except for

the determination of the precession period, as shown by the above analysis.

These records were used, however, to establish the orientation of the radia-

tion plane in space, and to verify the calculations, based on the above

methods, of the angles which describe the motion of the spin axis of the

vehicle.

Figure 2-3 depicts a right-handed coordinate system, x, y, z, whose

origin is at the center of mass of the vehicle. The x-z plane lies in a

meridian plane with the z-axis directed towards the local zenith and the

x-axis towards the south. V represents a vectov' which points towards a

particular ground receiving station. Its direction cosines with respect to

the x, y, and z axes are designated by the symbols Q ~ , . and .

respectively. Again A and S represent the constant aigular momentum vector

and the spin axis of the vehicle; and is the constant angular displace-

ment of 9 and A. The angular displacement of the 8, A plane from the node Im

n(X,Z) is given by the angle (0 p(t-t 0 ). The location of the node is given

by the angle p, measured from the x-axis, and / represents the angular I
displacement of A with respect to the z-axis.

Now, the intensity of the electromagnetic rrdiiation recorded by the

ground station during the time interval of a precession cycle depends on the

inclination of the longitudinal axis of the vehicle with respect to 9. This

angle will be represented by the symbol, X . It is given by the oquation,

cos7' ( (cos ip + 6 sin If) sin C cos Cp(t-to)+

(0(sin~ -O cos T) sin K sin [(cos-1sin ( Cos n(t-t ojI

+ tcos C cosX + sing sin K sin top(t-t)] (s-)) I

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION



2-96-61-1
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AK

Fig. 2-3 Coordinate System for Determination of Rocket Motion FromI Antenna Signal Strength Data
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The direction cosines, 0( , , , can be computed from the known

geographical locations of the ground stations and the rocket. A relation-

ship between r and X be obtained as follows: By correlating the signal

strength record received by a particular ground station with the antenna

radiation pattern, X can be determined as a function of time. Hence, an

integration of cos / (t) over a precession period t gives,
p

+ +T

cos,/(t) dt = oy T. cos C cos K

t

since the oscillatory terms of Equation (2-10) do not contribute to this

integral.

Three additional equations are required to evaluate the constants , 3
K , , and t o . These equations can easily be obtained by writing

equations of the form of Equation (2-10) for each of three ground receiving

stations, utilizing the times at which nulls occur (cos( = 0) in the I

signal strength records of these stations.

An analysis of this type was conducted for Test 2024. By utilizing I
the magnetic dip and declination values, at the surface of the earth below

the rocket, given by the Smithsonian Physical Tables, excellent agreement
was obtained wIth the results given by the analysis described in Section 2.2.

The angles Q, , and d calculated by these independent methods, were all

in agreement to within 2 degrees. Therefore, at the positions of the rockets

in space which were used in these analyses, the radiation plane was found to

be perpendicular to the directior of the local geomagnetic field.

I
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I
3. CALIBRATION OF DETECTORS

J The geometric functions of the detectors, G(E,1/ ,( ), described in

Section 1 were determined by irradiating the detectors with an electron

beam of known energy and intensity in a large vacuum chamber. A 180 degree

beta-ray spectrometer was used to obtain a beam of monoenergetic electrons.

With a SrY source at the spectrometer entrance, the output beam energy could

be adjusted to any value up to about 2 Mev. The entire Jason instrumentation

package was placed in the beam to take into account the scattering of electrons

from exposed surfaces into detection channels. Although the electron beam was

highly collimated, a combination of rotational and translational motions of

each detector under calibration in the beam simulated the effept of a broad

planar flux covering the extent of the detector. A special gimbal mechanism

was constructed to support the instrumentation package at all possible

spatial orientations. This mechanism facilitated the calibration of the

detectors as functions of the angles 1 and / which give the orientations

-- of the detectors with respect to the radiation plane.

- The radiation plane was simulated by rotating the gimbal support mech-

anism on a turntable at constant angular velocity. To avoid twisting cables

connected to the geiger tubes, the turntable motor was stopped and reversed

- in direction each time the geiger tube under calibration was rotated to an

*angular position where the collimation of the tube reduced its counting rate

to zero. The "thickness" of the radiation plane was effectively extended to

cover each long detector (Anton 106C geiger tube) by moving the tube through

the beam along the long dimension of the collimator. This translational

motion was provided during the calibration by a motor-driven carriage mounted

on the gimbal support.

A translation of the Anton 222R geiger-tube detectors through the beam

was not required because the collimator apertures of these detectors were

smaller than the cross sectional area of the beam.

I
I
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Figure 3-1 illustrates the manner in which the orientation angles 17
and r of the long detectors were adjusted in the laboratory. The angle

97 , which gives the displacement of the spin axis of the rocket from

the local geomagnetic line of force, was adjusted by inclining the geiger

tube axis to an angle 7r/2 - I with respect to the horizontal plane

(plane of the turntable). The angle r , which denotes the displacement

of the "central-aperture" vector of the detector from the radiation plane,

measured in a plane perpendicular to the spin axis of the rocket, was set I
in the laboratory by rotating the detector about the line L L. This line

is shown in Figure 3-1. It is located in the entrance plane of the colli-

mator, and it bisects the aperture along the long dimension of the collima-

tor.

Figure 3-1 also depicts the proper relative locations of the beam, the

turntable axis, and the geiger tube. As shown in the figure, they were

arranged such that the line L L of the detector, the n-xis of the turntable,,

and the center-line of the beam intersected at the single point marked 0.

This point will be referred to as the central irradiation point. 5
Preparation fr a calibration run consisted of adjusting the angles

and r , settLng the beam energy E, and running the translation carriage I
to one of its extreme positions. (The detector was out of the beam at the

extreme positions of the carriage.) The run was begun by turning on a

scaler which recorded the geiger tube pulses and a special electronic unit

which controlled the rotational and translational motions of the detector. 3
The motions were fully automatic, with the carriage advancing a small

distance 6 S along line L L for each rotation of the turntable. After

the carriage traversed the beam and reached its other extreme position, the

detector motions were stopped and the scaler was turned off automatically.

The total number of counts, CT, accumulated during the run was recorded. 3
To obtain the background counts, CB, the run was repeated with the beam off

(zero magnet current). 3
I

20
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The geometric function was then computed by means of the equation,

G( q,,,9) o S cos. OcT -CB)c I7E)T , (3-1)

where

AS = linear displacement of detector per rotation of turntable

w = width of beam

CT = total counts during run
CB = background counts

I(E) = electron beam intensity (number . cm"2 . sec "1)

T = period of rotation of turntable

This equation can easily be derived formally, but it is somewhat more

direct and instructive to verify the equation purely on the basis of physical

considerations. In Section 1 the geometric function of a detector was

defined by the equation,

R(1 7 '( f G77,/l/E) f(E) dE, (3-2)

where R(.) ,A() is the counting rate of the detector oriented at anglesV1
and er to a planar flux f(E). The function G has units of cm2 when f(E)-2 -1 -
is given in units of number • cm * sec .' Mev and R is expressed in 1
counts • sec "1 . If the planar flux -onsists essentially of electrons of

energy E0 within a small energy spread AE, then an integration over 6 E

yields

where F(Eo) represents the intensity of the planar distribution of electrons

of energy Eo within AE in units of number • cm2 see . Moreover, if

the counter is maintained in this position for a time T, its counts, C,

would be given by the equation

C = = G( ,1 rE 0 ) F(E 0 ) T. (3-)

I
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U
Now, during the calibration process, the linear motion of the detector

j through the beam effectively widens the beam to the extent of thu tube and

beyond. The total number of electrons per unit area of this "effective"

beam to which the detector is exposed is given by the number of electrons

which traverse a differential area moving through the width, w, of the

actual beam at the rate of ( , S cos )/T. (See Figure 3-1). Since the

beam intensity of the actual beam is I(Ea), this number is I • w • (T/AS.

cos 1)). But since the tube was rotated during the calibration, this areal

I density of electrons was uniformly distriluted in angle around the detector.

It is therefore equivalent to an irradiation of the detector with a planar

flux of F electrons • cm 2  sec for a time duration T. Or,

FT = I w T/( 6S Cosal ). (3-4)

When this value of F is put into Equation (3-3), the validity of Equation

I(3-1) is verified.
Since the apertures of an Anton 222R detectors were much smaller than

the cross sectional area of the beam, each of these detectors was calibrated

by locating the center of the entrance aperture of the collimator at the

central irradiation point and rotating the detector turntable while scaling

the counts. The geometric function was then computed by using Equation (3-3)

in the form,

G( E) CT -CB
NI(E)T (3-5)

where N is the number of times the detector was rotated in the beam to obtain

good statistics (N 1 100).

1 23
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3.1 EXPERIMENTAL APPARATUS

The experimental equipment used in the calibration of the detectors,

except for a rack of electronics equipment, is shown diagrammatically in

Figure 3-2 and pictorially in Figure 3-3. The equipment can be grouped

into three principal categories: the beta-ray spectrometer; the planar-beam

simulation platform, which Includes the gimbal support mechaiism as well as

the turntable and translation carriage mechanisms; and the electronics equip-

ment.

3.1.1 THE BETA-RAY SPECTROMETER

The beta-ray spectrometer is shown at the left of the chamber. This

consisted of a 180-degree magnetic deflection spectrometer using a one milli-

curie Sr-Y source. The spectrometer was mounted on an adjustable platform I
and located on the small table shown in Figure 3-2. The beta-decay source

and the collimation slits which selected the radii of curvature (p ; 3 cm)

of the electrons were mounted in an aluminum vacuum tight housing of outside

dimensions 2-1/2" x 3-1/2" x 1/2", and this "wafer" was inserted into the

gap of the magnet. A silphon link was used to connect the wafer to the

vacuum tank. In order to rapidly suppress the stray field of the magnet

along the path of the electron beam, a one-inch thick cylinder of cold-roll

iron was sealed between the wafer housing and the silphon, as shown in

Figure 3-2. A wiadow was cut through the iron shield to enable the electron I
beam to enter the vacuum chamber. The flexible link and the adjustable

magnet-support platform facilitated the positioning of the beam in the tank.

After the beam entered the vacuum chamber, it was further collimated to

limit its cross section to 3" x 9/16" at the central irradiation point "0"I
shown in Figure 3-1. A schematic diagram of the spectrometer and the beam

is shown in Figure 3-4. The spatial and energy distributions of the beam

are described in Section 3.2

A special variable-current power supply was constructed for the magnet .

of the spectrometer. This supply delivered up to 7 amps at 24 volts, which

was more than sufficient to reach the end-point energy of the SrY source.

The desired magnet current was adjusted by reading the potential across an
80-mil nichrome-wire shunt with a Rubicon portable potentiometer.

24
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3.1.2 PLANAR-BEAM SIMULATION PLATFOR4

In this section a description is given of the "target" platform which

is depicted at the center of the vacuum chamber in Figure 3-2. This plat-

form serves a dual function: it supports the detectors at the required

orientations with respect to the simulated radiation plane, and it rotates

and translates the detectors in the electron beam to effect an irradiation

of the detectors by a planar flux. A diagram of this assembly is shown in

Figure 3-5.

The turntable was located at the bottom of the cylindrical "well" of

the vacuum chamber as indicated in Figure 3-2. An O-ring seal. was used to

feed the shaft of the turntable through the base plate of the chamber.

The turntable drive mechanism together with a cam-microswitch arrangement

which controlled the maximum angle of rotation of the turntable in either

direction were located beneath the chamber. A Bodine synchronous-capacitor I
motor drove the turntable through reducing gears at the uniform rate of

0.25 rpm. This equipment under the chamber is shown in Figure 3-6.

The gimbal mechanism, which rides on the turntable and supports the

translation carriage to which the instrumentation package is attached, is

illustrated in Figure 3-5. Also, pictures of this device are shown in

Figures 3-7a and 3-Tb. Figure 3-7a affords a good view of the motor and

screw-drive mechanism which move the detector package across the electron 3
beam. A study of Figures 3-5, 3-7a, and 3-7b reveals the manner in which

the detector-orientation adjustments were made. The angle was set by 3
adjusting the positions of the clamps on the two C-bars mounted to the base

plate. The angle Y was adjusted by rotating the catrriage mount structure 3
about a shaft fixed to the brace which rides on the C-bars.

The carriage-drive motor was a Bodine two-phase servomotor which hnd on

output of 22 revolutions/minute throuch a gear-reducer system. Since it Iim-
necessary to operate this motor in the vacuum system, special precaution.,.

were taken: the original oil in the motor was replaced with Silicon cr -U,, I
and a heat sink for thu motor was constructed. The heat sink provision c)n-

sisted of constructing good thermal paths for the conduction of the motor ic-'.t

to the structure of the gimbal mechanism. 1
28
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Fig. 3-5 Diagram of Gimble Support Mechanism
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Fig. :3-7b Additional View of Gimbic Support
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3.1.3 ELECTRONICS EQUIPMENT

iThe automatic operation of the rotation-translation motiorxof the

detectors was controlled by a master control unit. The operation was such

that the carriage was moved in preselected movements of 1/16-inch, 1/8-inch,

or 1/4-inch every time a turntable limit switch was hit by the pre-set cams

on the turntable axis. A block diajram of the logic of the automation

system which performed this function is shown in Figure 3-8 and the

operation of the equipment during a calibration run is outlined below.

(1) The cams on the axis of the turntable were adjusted for

the desired limit of rotation of the turntable in each

direction. These limits were set by observing the rota-

tion angles at which the counting rate of the detector

- - under calibration dropped to its cosmic-ray background

level.

* (2) The "Electrical Override" on the master control unit

- was then operated to move the carriage to the starting

- - position. At this position the detector was just out of

the beam.

(3) The translation movement of the carriage (1/16", 1/8", or

1/4") for the run was selected by adjusting the "Stepping

1. Device Preselector" switch.

(4) The run was then started. The turntable rotated in a

1certain direction until a limit switch was hit.
(5) The actuation of the limit switch initiated the following

sequence of events:

I The turntable motor was stopped.

* The stepping switch was energized, and it

applied a step voltage to the input of a

servo-amplifier. The magnitude of this

voltage controlled the incremental motion

of the carriage.

I
33
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I
I The output of the servo-amplifier energized

the carriage motor until the new position

Iof the carriage was reached.

• The correct position of the carriage was

T sensed by the balancing of the voltage

applied to the servo-amplifier by the

stepping switch and a voltage controlled by

a micropot connected to the screw-drive

shaft of the carriage.

0 After the correct carriage position was

reached, the turntable motor was again

actuated, but with reversed polarity,

effecting the rotation of the detector in

the opposite direction.

(6) This process was repeated each time a limit switch was

actuated until the carriage reached its opposite limit

position across the beam.

(7) After this position was reached, the detector motions were

stopped, and the scaler which recorded the total number of

detector pulses during the run was disengaged.

Thirty to seventy rotations through the beam were made during a run. The time

1duration of a run varied from 30 to 60 minutes.

I
I
I
1
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3.2 ALIGMENT AND CALIBRATION OF ELECTRON BEAM

In preparing the spectrometer for the detector calibration work, the

fan plane of the beam (the medium plane through the spectrometer magnet

gap) was first aligned with the center-line of the turntabln axis. This

alignment was accomplished by adjusting the position of the :711ectrometer

outside the chtmber while moni coring, the location and distribution of the

beam inside the chamber.

Energy spectra of the electrons were measured throughout the cross

section of the beam by means of a plastIc scintillation spectrometer.

Plise height distributions from the spectrometer were recorded by a 100-

channel pulse height analyzer. Spatial distributions of tho intensity as

well as the spectra of the electrons in the beam cross section were measured

by mounting a collimating slit in front of the plastic scintillator and

moving the spectrometer through the beam with the translation carriage

mechanism. By setting the gimbal settings to = 900 and / = 0,

horizontal cuts through the beam were taken. Such traversals were made at

various elevations with respect to the central irradiation point to test

the vertical alignment of the fan plane of the beam. With the gimbal settings

at = 0 and / = 0, vertical cuts through the beam were taken.

With no external collimation of the beam, the results of these measure-

ments revealed the following information:

(1) The edges of the beam were quite sharp, being "smeared"

over a distance which was well within the width of the

detector slit (3/16").

(2) The cross section of the beam had a width of about 5/8" and

a height of 6".

(3) The energy spectrum was quite uniform over the entire cross

section: the greatest departure from uniformity was

observed at the lowest electron energy of interest (E

150 key); here, the displacement of the peaks of the pulse-

height spectra over the 6" height of the beam was about 5%,

and

36
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I
(.) The intensity distribution along the height of the beam

was far from being uniform: it varied rather linearly

along the height, differing by nearly a factor of two

from one end to the other.

The non-uniform vertical distribution of the electron beam intensity

was unfortunate, and it was necessary to restrict the height of the beam

to a region where the linear approximation of the intensity variation was

good, A linear variation was not considered to be troublesome since the

detectors were symetrical above and below the central irradiation point
#top.

Since it was necessary for the beam to cover the entire aperture of

the detector in the vertical direction, the minimum height of the beam was

dependent on the orientation angle 97 and on the width of the beam. This

height was found to be about 1-1/4" for the maximum range in (69P to

ll) given by the analysis of the body motions of the rockets and for a

beam width of 9/16". Hence, the external collimator shown in Figure 3-4

was arranged to restrict the width of the beam to 9/16" and the height of

the beam to about +1" from the central position.

The horizontal distribution of the beam across the central position

was then measured, and the result is shown in Figure 3-9. The solid-line
trapezoid drawn in the figure depicts the fold of a 3/16" slit with a 9/162
wide pedestal-shaped beam distribution. The vertical distribution of the

beam is shown in Figure 3-10. The origin, point 0, of the abscissa corres-

ponds to the central irradiation point.

After the beam was aligned and calibrated, the intensity and energy of

j the beam versus magnet current were measured with a plastic scintillation

spectrometer. A collimator with an aperture 3/4" wide and 1-1/2 high was

placed in front of the 2" diameter plastic scintillator, and the spectrometer

was mounted on the gimbal mechanism such that the center of the aperture

coincided with the central irradiation point "0" shown in Figure 3-1 and
Figure 3-5. In this condition, therefore, the entire width of the beam and
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the height of the beam fro. -3/4" to +3/4" shown in Figure 3-10 fell within

the aperture of the spectrometer. Pulse-height spectra were then obtained

with a 100-channel analyzer as a function of' magnet current. For each

value of the magnet current used, the beam energy was taken to be that

given by the peak of the pulse-height spectrum after the background spectrum

was subtracted. Various '-emitting radioactive sources were used to

calibrate the scintillation spectrometer. The intensity of the beam was

computed from the total number of counts in the distribution above the back-

ground. The energy of the beam as a function of the potentiometer reading

of the voltage across a standard shunt is given in Figure 3-11. The inten-

sity of the beam, also as a function of the potentiometer reading, is given

in Figure 3-12.

By cycling the magnet current before adjusting the current to the

desired value, the beam energy was found to be reproducible to about 2%.

A recalibration of the beam after a month of operation revealed a negligible

change in the beam characteristics.

The beam energy as a function of magnet current was also computed by

measuring the magnetic field in the center of the magnet gap with a 1%

flip-coil magnetometer and the mean radius of curvature allowed by the

spectrometer stops. These computations agreed well with the spectrometer

measurements when a radius of 2.90 cm was used rather than the measured

value of 3.00 cm. This error probably resulted from the fact that the peak

field intensity rather than the mean intensity along the path of the

electrons was used. Further agreement with the energy calibration of the

beam was observed by preparing a Fermi plot of the intensity distribution
data. This plot, shown in Figure 3-13, is seen to define a straight line
which yields the end-point energy of the SrY source used in the spectrometer

to within a few percent.

3.3 DETECTOR CALIBRATION RNULT3

The method used in the Lnalysis of the data obtained with the Wallops-

Island launched rockets required knowledge of the geometric functions of

the detectors in the orientation range 69°-z _ 1110 and -20°< / 20 c .
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The range in was given by the detennination of the body motions of the

rockets in free flight. The range in T of + 200 was important becmse

only those counting rates of the detectors which were read out in this

range of Y were used in the analysis. Counting rates which were

sampled in flight while the detectors were oriented at larger amnies of

were not used because it was believed that large errors would have roniilted

from the non-planar distribution of the trapped electrons.

The geometric functions measured in the laboratory were obtained for

various values of the parameters , r , and E. The data below reveal,

however, that the geometric functions of the long tubes were quite insensi-

tive (less than 5%) to the orientation angle within the range given

above. This dependence was therefore neglected. Moreover, since the count-

ing-rate samples which occurred within the T^ interval of +20 were avcrt, I.

over a number of spin cycles of the rocket, the geometric functions used. to

unfold the data were also averaged over this interval of 4 in a manner

discussed below. The end result, therefore, was a geometric function for

each detector which was dependent on the electron energy alone.

The counting rates of the small detectors were analyzed in a somewhat

different manner, as discussed below. But that method also required an

average of the geometric functions over the interval -20° T - 2)o.

The calibration data are given below, with the results for the lontI

detectors preceding those for the small detectors. Within each of these

groups of detectors, the detectors are considered in the order of their

increasing threshold energies.

3.3.1 CALIBRATION OF CHANNELS 1 AND 5

The detectors in Channels 1 and 5 were identical in construction. Each

consisted of an Anton 106C geiger tube (30 mg/cm2 - steel wall thickness)

with a brass collimator forming six rectangular windows along the length of

the tube (see diagram in Figure 1-1).

First the orientation angle ' of the detector in Channel 1 was set

equal to 900 (longitudinal axis of detector in radiation plane), and calibra-

tion runs were made at a number of values of beam energy for each of the

LOCKHEED AIRCRAFT CORPORATION 4 MISSILES and SPACE DIVISION



I 2-96'-6i-1

I
following settings of : -25.20, -19.80, -12.60, -3.6 , +3.60, +io.8°

I and +19.80. Using Equation (3-1) the geometric functions were computed

from the data obtained at each orientation of the detector, and the

functions were plotted against electron energy. A graph of the results

for the position =900 , = 3.60 is shown in Figure 3-14. The error

bars drawn at the data points are standard deviations due to counting

statistics. Error bars are not shown at the lower energy points where the

errors are smaller than the circles depicting the data. The threshold

I energy of this detector is seen to lie at about 200 key.

To obtaii. an average of these geometric functions over the angle

the' functions were read off the curves drawn through the data as shown in

Figure 3-14 at various values of electron energy and plotted against the

angle . A graph of the resulting curves, for a few of the energy para-

meters used, is shown in Figure 3-15. The geometruc function for each of

the energy parameters used, was then averaged over the interval -20°e t-4

* -20
° by means of a planimeter. The geometric function given by this averaging

"- -process is shown in Figure 3-16.

The result of a calioration run taken at 11 = 72 ° , r - 0 is shown in

Figure 3-17. Within the statistics of the measurements, the geometric

-- function given in this figure is indistinguishable from that given by extra-

polating the measurements taken at = go , /1 =-3.60 (see Figure 3-14)

to the peak response at = 0 (see Figure 315)

Two additional calibration runs were taken, one at 7 = 720, /r = 0

and the other at - = 720 ,  T = 19.80. During these runs, three of the

six collimator windows of the detector (see Figure 1-1) were covered with1 1/8" of copper, as was done on some of the flights. The covered windows

were the window# at the extreme end of the detector (end towards nose of

rocket) and the other two were the adjacent windows at the opposite end of

the detector. The ratio of the geometruc functions of the plugged and

unplugged detectors measured at the same orientation to the beam ( 1 = 720,

= 0), was found to be 0.652. Moreover, this value agreed with the ratio

of the geometric function of the plugged detectors at 17 = 720, r - 19.80I to that of the unplugged detector at I = 900, I/( = 19.80, yielding

further evidence of the insensitivity of the geometric functions to relati-

I vely small departures of from 900.
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Table I in the Appendix lists the energy-dependent geometric function

of the plugged detector in Channel 1. It is the geometric function shown

in Figure 3-16 multiplied by 0.652.

3.3.2 CALIBRATION OF CHANNEL 7

The detector in Channel 7 also consisted of an Anton 106C geiger tube,

but this tube was not deliberately collimated. It was shielded with a

cylindrical sheath of aluminum about 150 mg/cm2 thick.

Visual observations revealed that, throughout the orientation range

-69 4 111', -20 -! J 4 200 and beyond, the aperture of the

detector in a planar flux was unchanged. Measurements of the counting rate

of the tube at various electron energies revealed that this was indeed the

case. For = 900 these counting rates were found to be constant over a

total range of / of about 600. Hence, an averaging of the geometric function

of this detector over r was not necessary.

The energy-dependent geometric function of this detector is shown in

Figure 3-18a. The threshold energy is about 470 key. Since these data in-

dicate that the response of the tube is still rising appreciably at the

highest electron beam energy used, the cylindrical shield was removed to

measure the geometric function of the "bare" tube. This bare tube value was

considered to be a reasonable value which the shielded detector would approach

at higher energies. Hence, the curve drawn to the data was extrapolated to

the "bare" tube value as shown in Figure 3-18b. This geometric factor is also

listed against energy in Table A-1.

3.3.3 CALIBRATION OF CHANNEL 3

The detector in Channel 3 again was an Anton 106C geiger tube, not

deliberately collimated, but encased within a cylindrical shield of aluminum,
400 mg/cm2 in thickness.

Again, visual as well as experimental observations revealed that the geo-

metric function of this detector should be constant in a planar flux over

the range of orientation of the detectors given above. The experimen-al
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results obtained at two different values of V but with r anywhere in

the interval -250 ,f-_ 250 are shown in Figure 3-19. The results indi-

cated by the circles were obtained at - 900, and the crossed lines

show the results of the measurements at 1 - 720. The tbeshold energy

of this detector is at 940 key.

Unfortunately the limited beam energy of the spectrometer highly

restricts the full calibration of this detector. It was necessary to extra-

polate the geometric function of this detector to that of the "bare" tube

value. Since the extrapolation was extreme, a study was undertaken to seek

a physical basis for the extrapolation.

The following empirical method was devised for this purpose. (It was

also usedID compute the geometric function of the detector in Channel 6.)

The measured values of the geometric functions of the detectors in Channels

7 and 3 were divided by the "bare" tube value to obtain the effective trans-

mission function of each detector. These transmission curves were found to

be systematically lower than the transmission functions for normal-incidence

electrons on plane absorbers of corresponding materials and thicknesses.

(The normal-incidence transmission data of Marshall and Ward3 and Hereford

and Swann were used in this analysis.) The diminution of the tube trans-

mission from the normal transmission values at each electron energy was

caused by the particular distribution of the incidence angles of the electrons

on the tube resulting from the irradiation of the cylindrical detector by a

planar flux. Hence, the ratio of the tube transmission to the normal trans-

mission plotted against energy should give a cutvc which reflects the combined

effects of the shape of the detector and the angular distribution of the

flux. If this is true, then detectors with different shield thicknesses but

of the same shape and exposed to the same flux should yield identical ratios

of tube transmission to normal-incidence transmission as functions of

electron range in units of absorber thickness. Figure 3-20 shows that the

agreement of these ratios obtained from the calibration data of the detectors

in Channels 7 and 3 is fairly Uood. The solid curve drawn through the data

3. Marshall and Ward; Canovlian Journal of Reoarch; A ,, 30 (1937)

4. 1crcford and Swann; Phys. Rcv. :L, 727 (1950)
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given by both counters was therefore used to extrapolate the geometric

function of the detector in Channel 3 to higher electron energies.

The final energy-dependent geometric function of this detector Is

given in Table Awl.

3-3.. CALIBRATION OF CHANNEL 6

The detector in Channel 6 also consisted of a shielded Anton 106C veiger

tube with no deliberate collimation. This counter was shielded with a

cylindrical absorber of brass 2000 mg/cm2 thick.

In this case the threshold energy of the detector (4.3 Mev) precluded

an experimental evaluation of any portion of the geometric finction of the

detector with the beta-ray spectrometer. Hence, the geometric function was

computed by means of the empirical method described above. For this purpose

the curve of Figure 3-20 was slightly modified by plotting the transmission

ratios against electron range in copper in units of the copper-range of

electrons at the threshold energies of the detectors in Channels 7 and 3.

This curve, together with the Hereford and Swann normal-incidence transmission

data for the absorber (copper) thickness used in Chann-l 5, were used to

compute the transmission function of that detector. The geometric function

was then obtained by multiplying this transmission function by the "bare"

tube value of the detector in Channel 7.

The resulting geometric function is shown in Figure 3-21 and listed in

Table AdI.

3.3.5 CALIBRATION OF CHANNEL 2

The detector in Channel 2 consisted of an end-window Anton 222R geiger

tube, with a flat aluminum absorber, about 28 mg/cm2 thick, placed over the

window of the detector, the detcctor'was collimated by means of a circular

hole, about 0.10 cm2 in area, drilled through a brass "plug" at an angle of300 with respect to the axis of the geiger tube (see Figure 1-1).
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Since the collimator aperture was circular, the geometric function of

this detector was dependent only on the anfular displacement of the colli-

?ator axis from the rsdiation lain. The data from this detector wore

analyzed by using the counting-rate s;a.ple,- taken when this angular din-

placement was less than +100 as discussed in Section 4. This 100 displace-

ment of the axis corresponds closely to f = ±200 for I = Wr/2. Hence,

the geometric function used for the analysis of the data was that measured

for = I12 and averaged over -20°: 4?P- 200. During portions of the

precession cycle of a rocket where q 90', this method of averaging the

geometric function does not give the correct average of the function over

the displacement angle; however, the maximum deviation due to this cause

is 6%, small in comparison with the uncertainty in the collimation of the

tube discussed below.

The detector was calibrated by setting = 90' (longitudinal axis of

geiger tube in radiation plane) and rotating the detector in the beam with

the entrance aperture of the collimator centered at the central irradiation

point. At each beam energy, a calibration run consisted of about 100 rota-

tions of the turntable. The orientation angle ? was adjusted by rotating

the detector about an axis which was in the radiation plane and which went

through the central irradiation point. Calibration runs were taken for 4/e

angles of -51.00, -36.5 ° , -22.6, -10.40, 0.O° , 8.80, 18.20, 32.60, 47.40,

and 61.80. Equation 3-5 was used to compute the geometric functions. The

measurements of the geometric functions at "Y = 900, Ak = 18.2 is shown

in Figure 3-22. The threshold energy is seen to fall at 145 key.

The statistical accuracy of the data, as shown in Figure 3-22, was con-

siderably poorer than that of the long-detectors. Therefore, instead of

averaging the geometric functions over the angle /r as was done for Channel

i, namely, by plotting the functions against T using energy as a parameter,

all of the data points were used by plotting the integral over energy of the
geometric functions against 4 . A graph of the integrated geometric

functions versus 1< is shown in Figure 3-23. The average value of' this

response function over the interval; -20o< 4' 20 divided by the response

at the peak is 0.932. Herce, by multiplying the geometric functions obtained
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at 900, 00 by this ratio, the final averaged geometric function

I for the detector was obtained. This is shown in Figure 3-24 and listed in
i Table X-1.

Unfortunately, the circular aperture of this detector, as well as those

of the detectors in Channels 8 and 4, was partially obstructed by a titanium

shield which was placed over the geiger tube package. The magnitude of the

obstruction depended on the orientation of the counter in the package.

Accurate information on the positional setting of counter is not available.

An uncertainty in the geometric function of this tube of 15% has been esti-

mated on the basis of the probable variation of the position of the counter.

3.3.6 CALIBRATION OF CHANNELS 8 AND 4

The detectors in Channels 8 and 4 were identical in construction to

that in Channel 2, but the absorbers placed in front of the Anton 222R

windows differed. The detector in Channel 8 had an aluminum absorber 150 mg/an 2

thick, and the detector in Channel 4 had a brass absorber, 400 mg/cn 2 in

thickness.

Since the geometry of each of these detectors was the same as that of

the detector in Channel 2, only the transmission factors of these detectors

were expected to vary. Hence, the transmission functions alone were measured

for these detectors.

L The transmission function of each detector was measured by aligning the

collimator in the beam at the central irradiation point and dividing the

I resulting counting rate of the detector, above cosmic ray background by the

product of the beam intensity and the area of the aperture. ngure 3-25

I shows the results obtained for the detector in Channel 8. These data agree

quite well with the Marshall and Ward measurements (transmission of electrons

at normal incidence through 150 mg/cm2 of aluminum), which are also given in

I the figure. The threshold energy is 400 key. The transmission measurements

with the 400 mg/cm2 brass absorber together with the transmiss. on curve given

I by the Marshall and Ward data for normal-incidence electrons through 400 mg/cm2

of aluminum are shown in Figure 3-26. These data agree as well as can be
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I
expected in view of the different absorber materials used. Since a rela-

3 tively short extrapolation of the data to higher energies was required, the

Marshall and Ward curve was used to compute the geometric functions for

3 energies greater than 2.0 Mev. The threshold energy of this detector is

1.00 Mev.

I The "averaged" geometric functions of these detectors were obtained by

multiplying the transmission functions of the detectors by the maximum value

of the geometric function of the detector in Channel 2 given in Figure 3-24.

The results are depicted in Figure 3-24 and listed in Table ArI.

3.3.7 COMPARISON OF CALIBRATION RESULTS WITH INITIAL ANALYSIS OF DETECTORS

In order to compete the experimental values of the geometric functions

of the detectors with those which were computed (SWC 50-TS-112) for the pre-

- liminary investigation of the data, the geometric functions were represented

- as a product of the transmission function of the tube and the geometric tube

factor. The function was obtained experimentally at each energy E by dividing

the counting rate of the detector by the value of the planar flux of electrons

of that energy. Hence, the geometric factor of the counter was taken to be

the geometric function for E >> E , where Et represents the threshold

energy of the counter. The transmission function of the tube was then obtained{ by dividing the geometric function by the geometric factor. The following

comparison was observed between the experimental values for 1 = 900, /A =

0 and the values computed for "Orientation B" given in SWC 50-TS-112.

Channels 1 and 5: The measured geometric factor was about 30%

1smaller than the computed value. The slope of the transmission

function was less than the SWC-report value by nearly a factor

of two. (The 2g/cm2 copper plugs in windows 1, 5 and 6 diminished

the geometric factor by a factor of 0.652 instead of 0.5).

Channels 3 and 7: The geometric factors were smaller than those

given in the SWC report by 18%. The transmission functions were

in fairly good agreement.
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Channels, 2, 4 and 8: The measured geometric factors were

found to be smaller than those given in the SWC report by

about 40jo. The transmission functions agreed fairly well.

Channel 6: The empirical method which was used to determine

the calibrations of Channel 6, described in Section 3.3.4,
is considered to be fairly good because of the agreement

obtained by testing the method with the results of Channel 3.

This method yielded a response function for Channel 6 which

is much lower than the function given in the SWC report at

energies near the threshold value, being smaller by a factor

of ten at 5 Mev and by a factor of two at 10 Mev.

Moreover, the initial analysis indicated a factor of tbmediscrepancy

between the flux given by the geometric factors of the long counters and

that given by the short detectors. This discrepancy does not occur when the

measured geometric functions are used.
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I
4. ANALYSIS OF RESULTS

I 4.1 PRESENTATION OF "RAW" DATA

The "raw" dpta here refer to the counting rates of the debectors as

j a function of time. The computer read-out records listed, for each sample

of the output of a detector, the time of the sample, the corrected count-

ing rate, and the orientation angles 07 and 4 . Of these counting rates,

only those which were sampled when T occurred. in the interval -20 - Aj(<

200 for the long detectors were used; and, for the short detectors only the

counting rates which were sampled when the collimator axes were within

+10 of the iadiation plane were used in the analysis. Data which were

obtained at larger displacements were discarded because the geometric

factors of the detectors began to change rapidly with angle, and large errors

probably would have entced due to the non-planar nature of the actual flux.

Before experimental information on the calibration of the detectors

was obtained, it was hoped that the energy dependence of the geometric

functions of the long detectors would vary with ? and A so that a more

detailed spectrum could have been obtained. However, essentially no change

in the shape of the geometric functions was observed in the angular ranges

690 2 i e l11 and I/I< 200 as pointed out in Section 3. This -

-- orientation angle for the long detectors was therefore ignored.

The samples of the counting rates which occurred within the angular in-

tervals discussed above were then averaged over time durations for which

continuous data of counts per pedestal were available (5 to 12 seconds).

-- The process was straightforward for the long detectors: the counting rates

which were read-out during t I < 200 were merely added and divided by the

Itotal number of samples. However, for the short detectors, it was necessary

to vary the Ir -angle interval over which the counting rates were accumulated

in a mamer which was dependent on * This was accomplished by plotting

two curves of I versus A which established the limits of these angles

for a collimator displacement from the radiation plane within ±10. The

displacement, , of the collimator from the plane is given by the equation,

I sin = cos 600 sin 1 [sin ((-z) -60O ctn '7 " (4-i)
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The counting rates of the detectors, averaged as discussed above, for

the five rockets which passed through the electron shell are listed in

Tables 2 through 6 of the appendix. The tables are numbered in the order

of the launch times of the rockets. The time interval between the launch

times and the burst time for each of the rockets is given below:

Rocket FliGht Time of Launch after Burst

Hr:Min

2019 0:28

2021 1:58

2024 4:01

2027 18:42

2o42 88:43

After averaging some of the counting rates given in the tables over larger

time intervals where necessary to improve the statistical accuracy, the

resulting counting rates were plotted as a function of the flight time of

the rockets. These data are shown in Figures 4-1 through 4-5, again in the

order of the launch times of the rockets.

The errors given both in the tables and in the figures are standard

deviations based only on the total number of counts used in the averaging

process. At high counting rates the major errors are due to uncertainties

in the determination of the counts per pedestal and the uncertainty of the

"dead time" correction. Systematic errors as high as 50% or more may have

been incurred at counting rates above about 10 4 /sec. The probable errors

PRT of the corrected counting rates 'IT due to these causes is,

2+ R,2 P 2 R r )t

where R 0 observed counting rate, 15.75 N/T c . N is the number

of counts sampled during the time Tc/15.75. Ta is

the period of the commutator.

PN = probable fractional error of N due to reading of

oscillograms.

P7 = probable error of dead time -r
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IFig. 4-1 Counting Rates of Detectors on Flight 2019 as Function of Flight Time
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Fig. 4-3 Counting Rates of Detectors on Flight 2024 as Function
of Flight Time
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These errors are listed in Table 4-1. P was taken to be 10 microseconds.

Table 4-1

Probable Errors Due to Data Readout and
Uncertainty of Dead Time Correction

N PN RT PRT
(Counts) (Counts/sec) (Counts/sec)

10 0 960 10

2O 0 2O6O 42
30 0 3330 230

40 .025 481o 4oo

50 .050 6570 640

60 .075 368o 1580

70 .100 11,300 2380

80 .125 14, 500 4850
9o .150 18,700 7350

95 .162 21,300 9180

100 .175 24, 300 14,400
105 .187 27,900 18,200

110 .200 32,200 23,400

115 .225 37,500 30,600

117 .250 4o,ooo 34,4OO

These counting rates can be correlated with the position of the rockets

in space as well as with the locations of the rockets with respect to geouag-

netic lines of force with the information given in Tables 7 through 11 of the

appendix and in the Figures 4-6, 4-7, and 4-8. These tables list, against

the "flight time" of a rocket, the geographical coordinates of the rocket;

the magnetic field intensity, B; the logarithm of the integral invariant, I;
the altitude of the rocket transformed along constant local B and I values to
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following the altitude variations of local, but constant, B (geomagnetic field
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also shown. The electron shell was centered on the magnetic line of force
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the geographic meridian at 750 West longitude, H'; and the conjugate mirror-

point altitude (southern hemisphere) of electrons which mirror at the location

of the rocket. (The last column will be referred to in a later discussion.)

The counting rates of the detectors, when compared in this manner, show

that the peak counting rates on flights 2019, 2021, 2024, and 2027 occurred

when the trajectories of the rockets reached a shell containing the magnetic

line of force which intersects the earth's surface at the point 33.60 North

latitude, 750 West longitude. The pronounced rise to the peak generally began

when the rockets reached the shell containing the magnetio line of force

which falls at the surface of the earth at about 34.50 North latitude along

the same meridian. High counting rates also occurred at greater distances

to the North of the electron shell (the wings). The counting rates of all of

these detectors on different flights but at comparable spatial locations

decrease with time.

The B and I values used for the analysis described in this report were
obtained from the following reference: Tables of Adiabatic Invariants
for Geomagnetic Field 1955.0, AFSC-TN-60-8, Kirtland Air Force Base,
New Mexico, 1960.
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!
4.2 BAOMROUND RADIATION

4.2.1 NATURAL RADIATION

A large effort was directed towards the evaluation of the background

due to the natural trapped electrons for each of the flights. The result of

this effort was less than satisfactory. The problem was greatly complicated

because the rockets traversed spatial regions where the natural radiation is

known to be highly irregular. In general, the variation of this radiation is
such that it decreases with increasing longitude, it increases rapidly with

increasing altituue along magnetic lines of force, and it increases even more

rapidly across magnetic lines of force towards higher latitudes.

The Javelin I rocket data (see footnote 2 on page 1), which yielded the

spectrum and intensity, as well dwpitch angle distributions, of the trapped

electrons in spatial regions similar to those covered by toe Jason rockets,

verified the complexity of the background problem. This rocket was launched

from Wallops Island, Virginia, on July 7, 1959, about 10 months after the

Argus tests. Its trajectory is shown in Figures 4-6, 4-7, and 4-8, together

with those of the Jason rockets. By multiplying the spectral intensity of
the flux obtained with the Javelin rocket by the geometric functions of the

Jason detectors and integrating over energy (see Equation (1-1), the counting

rates of the Jason detectors along the Javelin trajectory were inferred. For

the purposes of this discussion, the Jason detectors for which the counting
rates were computed in this manner will be referred to as though the detectors
were actually on the Javelin rocket.

A comparison of the counting rates of the detectors on the Jason rockets

with those on the Javelin revealed that in the wings, a high fraction of the

counting rates of the detectors in Channels 1 and 2, and a lower fraction in

Channels 7 and 8 were due to the natural radiation. In fact, a plot of the

counting rates of the detectors in Channel 1 for the five Jason flights and

the Javelin flight as a function of altitude revealed that the counting rates

of all of the detectors agreed to within 10% along the ascent trajectories
to an altitude of 600 km. This good agreement with the Javelin data was

probably accidental since the absolute measurement of the flux is not

expected to be better than about ± 20%. At higher altitudes, a separation of

L
7)
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the counting rates was observed, with the counting rate of the detector cn

the Javelin rocket exceeding the rates of the detectors in the Jason rockets

because of the continuation of the Javelin rocket up the megnetic line of

force.

Efforts to determine the background of the Jason Channel I detector

were not entirely successful. Estimates of the background were made by

drawing iso-count lines connecting positions on the ascent and descent paths

of the Javelin rocket, where the counting rates for Channel 1 were identical,

and assigning these rates to the corresponding Jason detectors at the spatial

")cations where these lines intersect at the Jason rocket trajectories. Such

interpolations were attempted using the graph of altitude versus latitude

given in Figure 4-6, and the graph of the trajectories on the B, log I plot

of Figure 4-8. The resulting background counting rates of the detectors,

when plotted against the flight time of the rockets, gave curves which

disagreed somewhat with the shapes of the total counting rates of the Channel

1 detectors. Moreover, over some regions of the curves for flights 2027 and

2042, the background counting rates exceeded the total counting rates of the

detectors.

It was clear that a more precise computation of the variation of the

natural radiation was required. Various empirical approaches were attempted,

based on the variations of the mirror-point altitudes in the southern hemis-

phere of the electrons detected by the rockets. A comparison of the altitude

of the rocket and the value listed as 11, in Tables A-7 through A-12 shows that

the mirror-points altitudes of the electrons in the southern hemisphere were

much lower than those at the rocket, and this lowering effect was enhanced as

the rockets moved eastward. The results gave background curves which again

appeared to be qualitatively correct, but they, too, exceeded the total count-

ing rates in some areas.

It was finally decided that the detectors in Channels 1, 5 and 2 could

not be used to investigate the artificially injected electrons in the regions

of the wing where the natural radiation was intense.
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I
Moreover, the accuracies or the results from the detectors in Channels

7 and 8 were seriously impaired. The background counting rates of the

Channel 7 detectors computed from the Javelin data were about a factor of

two lower than the total counting rates of these detectors in the wings on

flights 2027 and 2042. The total Channel 7 counting rates probably included

j contributions due to bremsstrahlung from the natural radiation as discussed

below.

IHence, the background corrections in the wings for the Channel 7 detectors
were made by assuming that the counting rate of the Channel 7 detector on

1flight 2042 had reached the background level and that this natural background

level was the same for all of the flights. The rocket trajectories on a B-log

] I plot (Figure 4-8) were used to determine these backgrounds: At each point

of a trajectory, the background was obtained by means of a log I-weighted

- average, at constant B, of the Channel 7 counting rates measured on the ascent

- and descent trajectories of the 2042 rocket. This evaluation is expected to

be poor for the portions of the rocket trajectories which depart appreciably

from the path of flight 2042. Hence, the Channel 7 backgrounds for flight 2021,

which has a westward velocity component (see Figure 4-7), and for flight 2024

beyond apogee (see Figure 4-8) are considered to be poorly known. The counting

rates of the Channel 7 detectors on flights 2019V 2021, 2024 and 2027, together

with the background curves given by this method, are shown in Figures 4-9

through 4-12, respectively, and they are listed in Table 4-2. The probable

errors of the background counting rates for flights 2019, 2027, and a portion

of 2024 were taken to be 20%, the extent of the agreement with the Javlin I

data along the ascent trajectories. The errors were arbitrarily taken to be

±50% for flight 2021 and for the portion of flight 2024 beyond apogee. Table 4-2

also lists the net counting rates of the Channel 7 detectors. Total probable

errors are included.

4.2.2 BACKGROUND DUE TO PREVIOUSLY DETONATED DEVICES

Comparison of the counting rates of the Channel 1 detectors on Patrick

I launched flights 1822, 1909, 2020, and 2043 at similar positions of the

L
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trajectories of these rockets on a B, log I plot, revealed an abnormally high

counting rate for the earliest flight 1822. This high counting rate may have

been caused by the presence of electrons injected into the geomagnetic field

by the detonation of nuclear devices at high altitudes in the Pacific, as

was pointed out in the initial analysis of these data. The decay rate of

these electrons was so great, however, that the background due to this cause

was considered to be negligible for the later flights now under discussion.

(For the few rockets launched from Patrick and Ramey for which the body motions

of the rockets were estimated, the counting rates of the small detectors were

incorrectly analyzed in the preliminary report because the collimator axes of

these detectors never entered. the central plane of the radiation.)

4.2.3 COSMIC RAY BACKGROUND

The counting rates produced in the detectors by cosmic rays were evaluated

from the counting rates of the tubes which had high threshold energies and in

regions of the flights where the bomb and natural radiations were low. Hence,

the background counting rate of the long tubes was taken to be the mean count-

ing rate of the Channel 6 detector observed on flight 1822, which was launched

prior to a detonation of an Argus device and into the slot between the natural

radiation zones. This counting rate was found to be 16 + 2 counts/sec. Tt

also agreed with the mean counting rate obtained for the Channel 6 counting

rate on flight 2027 and with the rate computed by using the omnidirectional

geometric function of the detector and a cosmic ray flux of 1.5 cm2 sec.

The counting rate of the small detectors due to cosmic rays, determined

by the met),od indicated above, also agreed with the background counting rates

determined i..r the same geiger tube types (Anton 222R) used on the Javelin 1

rocket. This counting rate was found to be 2.1 + 0.25/sec.

4.2.4 BR4SSTRAiLU1 'G

There was early evidence that the Channel 6 detector was responding to

bremsstrahlung in the win,-. The counting rate of this detector, above the

cosmic ray background, yielded curves when plotted against flight time which
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I
were quite different in shape from those given by the other detectors on the

same flight. The Channel 6 curves were more peaked in the wing where the

natural radiation was more intense. Moreover, the decay rate of the outputs

of the Channel 6 detectors in the wing, obtained by plotting the counting

rates of these detectors above cosmic ray background as a function of the

I launchtime of the rockets after the burst, was found to be much smaller than

that given by the detectors in Channels 3 and 7.

j A rough calculation was performed to evaluate the response of this

Channel 6 detector to the bremsstrahlung of the natural radiation. The

detector response was computed for the electron spectrum given by the Javelin

I measurement s, and the natural radiation level at the position of a particu-

jJ lar Jason rocket was estimated by integrating over energy the product of the

Javelin I spectrum and the geometric function of the Channel 1 detector. It

was found that the ratio of the counting rate of the Channel 6 detector due to

this bremsstrahlung to the counting rate of the Channel 1 detector was about

0.001 + 0.0005. The maximum correction amounted to twice cosmic ray back-

ground.

Section 4.3 NET COUNTING RATES OF CHANNEL 7, 3, and 6 DETCTORS

The background correction for Channel 7, obtained as described in

Section 4.2.1, and the net counting rates of the detectors in Channels 7, 3,

and 6 for flights 2019, 2021, 2024, and 2027 are listed in Table 4-2. ForJ flight 2042, the true counting rate of the Channel 7 detector, which was used

to compute background corrections for the other flights, and the net counting

rate of the Channel 3 detector are listed in this table.

Only the cosmic ray background counting rate was deduced from the true3 counting rates of the Channel 3 detectors. The bremsstrahlung correction

described in Section 4.2.4, as well as the cosmic ray background correction,3 were applied to the Channel 6 readiiigs.

I
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5. RESULTS AND DISCUSSION

Many limitations of the Jason experiment, some of which were discussed

in Sections 4.1 and 4.2, make it difficult to draw definitive conclusions

concerning the electron injection and trapping phenomena which occurred

following the Argus II detonation. However, the more extensive analysis

done in the course of the present contract does allow critical examinationr of many aspects of the problem. Wherever possible, definite conclusions

have been drawn and are presented in this section. However, in many cases

the data are insufficient to establish the existence of expected effects.

-- In particular, some of the conclusions reached after the preliminary analysis

-- are not borne out by the present work, after due allowance has been made

- -for experimental uncertainties.

The major difficulty in obtaining a complete picture of the electron

trapping phenomena from the Jason flights results directly from the scar-

city and sporatic nature of experimental data. The five flights which have

been examined in detail passed through the band at different times, at

different altitudes, and at different longitudes. Since the electron fluxes

are functions of position and time after the burst and since the geomagnetic

field is not regular in this region, it is not clear how the data from

different flights can best be compared to obtain precise information, A

- second deficiency of the data results from the restricted dynamic range of

the detectors, so that only a few of the counters gave information at the

same time. In most cases where the small counters had sufficient counting

rates for statistical accuracy, the large couters were counting so rapidly

Ithat the telemetering tracings could not be read or the uncertainties in the
dead time corrections were excessive. This difficulty severely limits a

jcomparison of the enerby spectrum obtained during various flights, and lowers

the precision with which changes in the spectrum can be detected. A final

serious deficiency was in the background counting rate information. This

point has been discussed in Section 4.2. However, it should be noted here

that during most of the time when the rockets were not in the intense portion

of the radiation band, background uncertainties constituted the largest

source of error.
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5.1 G ENERAL RESULTS

The results of the analysis are summarized in Figures 4-1 through 4-5,
which give the counting rates as a function of time after launch of flights

2019, 2021, 2024, 2027 and 2012. In addition to the localized region of high

intensity radiation which appears at the far right-hand side of the figures,

there is a broad region at higher latitudes where the radiation is signifi-

cantly above the background levels. This feature is most pronounced for

Channels 3 and 6, but is also apparent for Channel 7. Because of the large

background of low energy Van Allen electrons, the enhanced radiation in this

wing is not as apparent for the low energy channels. The difference in the

magnitude of hfe flux in the intense band for the various flights is due

primarily to the decay with time of the shell of trapped electrons, although

this effect is modified considerably by the differences in the altitudes at

which the various vehicles passed through the band. For example, flight 2024

which passed through the band at an altitude of 400 km showed a more pronounced

peak in counting rate than did flight 2021, which actually took place earlier,

but crossed the band at an altitude of only about 100 km. These altitudes

refer to the heights of the conjugate points of the rocket positions.

5.2 VARIATION OF ELECTRON ENERGY SPECTRUM WITH POSITION

The ratios of the counting rates of the detectors were examined at

various times during each flight to see if the spectrum of the injected electrons

was different at different points of the trajectory. In particular, it was of

interest to see if the spectrum in the wing differed from that of the intense

band, since this would shed light on whether the wing electrons were injected

directly into their orbits or whether they diffused across field lines. From

the discussion of the background nroblem in Section 4.2, it is apparent that

only the eounting-rate ratios R7 /R 3 and AR can be considered reliable for

this purpose. These ratios for flights 2019 and 2024 are listed in Table 5-1.

In the center of the band, both detectors in Channels 7 and 3 on flight 201')

were saturated. The value listed in parenthesis for this flight in the Y/H3

column is the '43/R4 ratio which was measured in the center of the band. Thv

92
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listing in parenthesis in the R3/R6 column was obtained by integrating the

product of the geometric function of the Channel 3 detector and the best fit

spectrum over energy and dividing the result by the measured rate R6 . The

ratios in the table appear to be changing systematically with time, with the

I7/R 3 indicatiln a softening of tha spectrum and the R3 /R 6 ratio indicating

a hardening of the spectrum. It is not believed that these ratios demonstrate

a spectrum change. It is more likely that the trend reflects a systematic

I error in the evaluation of the background.

I
I TABLE 5-1

Comparison of Counting-Rate Ratios

I( 1T - B)/(T R B (H3T - R3 B)R 6T - R 6B

Flight Time Flight 2019 Flight 2024 Flight 2019 Flight 2024
(sec)

250 1.56 + .26 1.60 + .80

300 1.46 + .28 1.81 + .74

350 1.50 + .33 1.86 + .86 720 + 16oo

400 1.50 + .35 1.75 + .82 660 + 1430

450 1.60 + .40 2.14 + .82 520 + 9001 500 1.70 + .45 2.77 + .86 390 + 500
550 1.86 + .49 3.50 + 1.50 310 + 310

600 1.92 ±'.53 3.00 + .80 290 + 290

650 2.04 + .57 1.85 ± .71 250 + 200

700 2.25 + .72 24o + 150

Band (1.90 + .47) (416 + 136) 245 ± 132

Refer to text for comments on this ratio.I
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5.3 VARIATION OF ELECTRON ENERGY SPECTRUM WITH TIME

The reduced data were also examined carefully to see if there was an

indication of a change in the electron energy distribution during the 88-

hour period covered by tje Jason experiment. Since no definitie variation

of spectrum with position had been detected, it was felt possible to compare

data taken on different flights without regard to the position of the vehicle

during the time the comparison was made. In this way sections of various

flights could be compared in which the counting rates were similar and dead-

time corrections would be comparable. This investigation failed to show any

definite time variation in the spectral distribution, in agreement with the

preliminary analysis presented two years ago. Unfortunately, the low energy

channels where the spectrum change is expected to be most pronounced were not

very useful in this regard because of the high and uncertain background pro-

duced by the Van Allen electrons. The fact that the spectrum obtained during

flight 2019 which took place about half an hour after the explosion was not

significantly different from the later flights is perhaps an indication of the

poor sensitivity of the spectrum test.

5.4 DECAY OF ELECTRON FLUX

A quantitative measurement of the decay of geomagnetically trapped

electrons was one of the most important objectives of the Argus experiment.

The observed decay time of several days is considerably less than the decay

time of many years which has been calculated for particles distributed in the

Van Allen electron belt. The relative short time of decay has been attributed

to the low injectio, altitude and to the low altitude at which the measurements

were made. It has been argued that what is observed is the decay of a higher

order normal mode in the spatial distribution of electrons in the trapping

volume; hence the lifetime is correspondingly reduced. Theoretical calcula-

tions have suggested that the intensity of this distribution may decrease as

the inverse first power of the time after detonation, a time variation which

is in fair agreement with observation. However, it has also been observed that

the beta decay of gross fission fragmeuts behaves as t 1 . Since the
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Sinterpretation which would be placed on the Argus experiment is vastly differ-

ent depending on which time behavior is obtained, a considerable effort was

made to resolve this question from the results of the Jason rockets.

Because of the different trajectories followed by the various flights

T e and because no method of unquestioned validity was found to extrapolate the

measurement from one position to another, it was not possible to compare in-

tensities found at different times near the center of the band. However, in

-- the broad region of radiation north of the band, it is possible to make a

much more accurate estimate of the decay rate. From the curves of Figure 4-8

.- which give a plot of the vehicle trajectories on B, Log I coordinates, it can

be seen that there are seven points where two of the trajectories intersect.

At these points the rockets of the two flights pass through equivalent points

on the magnetic shell and a comparison of the counting rates of the two flights

will then give an estimate of the flux decay during the time interval between

the two flights. A small correction was made for the difference in the longi-

tudes of the two vehicles at the time of the intersection. This correction

is, in essence, the variation of flux along a line of constant B and Log I.I- It was obtained from flight 2025 launched from Cape Canaveral. This flight

was directed towards the east, and the ascending and descending portions of

the trajectory passed through equivalent magnetic locations, which were dis-

placed in longitude and also in altitude. Hence, this flight gives the rate

at which the flux varies during the eastward dirift. Corrections for this

I effect are fairly small, ranging from 0 to 7 percent because of the high

altitude at which most of the intersections occurred.

3 Since each intersection gives a value of the decay during a particular time

interval, the seven intersections give seven points on a time decay curve.3 These points, obtained for the Channel 3 detector are shown in Figure 5-1.

Here, the ratio of the counting rates observed by the two rockets at each inter-

I section point is plotted against the ratio of the times at which the rockets

reached the point of intersection after the time of burst. The error bars

I indicate the total probable error which results from counting statistics,

I
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Fig. 5-1 Time Rate of Decay of Electron Flux. For a Decay Rate of the Form t- n

n Has the Value 1. 15 ± 0.03
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I
dead-time uncertainties, background uncertainties, and trajectory uncertain-

ties. Assuming that the decay has a function form of t n , a least square fit

to the data gives a value of n of 1.15 + .03. Since the ratio of the counting

rates must be equal to 1 when the time ratio equals 1, only a one parameter

fit (the slope of the line) was required. The same calculation for channel 7

3 gives similar results but with considerably greater probable errors.

On the basis of this analysis, it appears more likely that the time

3 dependence follows that of gross fission product decay, rather than the

predicted t-1. The line of slope n = I is drawn in Figure 4-13 for comparison.I
5.5 ENERGY SPECTRUM OF ELECTRONS

I Since no variation in time or space was noted in the energy distribution

of the electrons in the band, the determination of the electron spectrum was

made at positions where the experimental data were most reliable. The best

information for this purpose was obtained in flight 2019 during its passage

through the band, at which time reliable data were obtained simultaneously

with detectors 2, 4, 6 and 8. The spectrum was represented by the expression

I f(E) = A

where E is the electron energy in Mev and A, B, and D are parameters. Since

A merely normalizes the flux, the shape parameters D and B are of greatest

I concern.

To deduce the electron spectrum, a set of values of B and D were selected

and the counting rates calculated from the equation,

R = fG()f (E) dE

where Gi (E) is the geometric factor of the "i"th detector as obtained by the

I calibration measurements described in Section 3. The calculated counting rates

were then comnared to the expcrimental values by foninfg the sum of the squares

I
I
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of the deviations

M(BD) - w (R, - Rex) 2

where /i is a weighting function equal to the reciprocal of the square

of the probable error in the counting rates, and Aex is the experimental

counting rate of the "i"th detector. The values of M form a matrix in B, D

space and the minimum value of M as a function of B and D indipates the values

of B and D which best represent the experimental result. This computing

process was carried out using a digital computer. The resulting spectrum

vas modified by interation to improve the agreement with the counting rates.

The best fit spectrum is depicted by the solid line in Figure 5-2. An indi-

cation of the accuracy of the spectrum is given by the rectangles shown in

the figure. These rectangles are the "raw-data" defined as follows: the

vertical lines of the rectangles are drawn at the energy values which are

at the half-height p~ints of the product of the best fit spectrum and the

geometric functions of the detectors. The vertical positions of the centers

of the rectangles are located at the geometric-function weighted averages of

the flux in these energy intervals; and the heights of the rectangles corres-

pond to twice the probable errors of the net counting rates of the detectors.

Two other spectra are shown in Figure 542 for comparison: An unmodified

fission spectrum and a fission spectrum divided by the product W d Tb, the

azimuthal drift velocity times the bounce period between mirror points. The

disagreement of the best fit spectrum with the fission spectrum is not severe;

it is now much more in agreement with the data than was indicated by the

initial analysis )f the data. However, the better agreement of the data with

the fission spectrum divided by W d Tb might be evidence of a fission spectrum

source, a lifetime of less than a drift period for the electrons which reach

the region of the Jason rockets, and no evidence of energy degradation by

scattering.

This statement can be verified as follows: the omnidirectional flux given

by the Jason rockets is equal to the number density of the electrons times
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I FISSION BETA SPECTRUM DIVIDED BY WdTb

I0 FIS BEST FIT SPECTRUM
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U~~i FISSION BETA SPECTRUM-/

;1 104  DIVIDED wdTb
2
0

w

0

10
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Fig. 5-2 Omnidirectional Flux at Center of Electron Shell
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their velocity. Or,

f(E)d. n(E)dE • v, (5-i)

where n(E) is the number density of electrons of energy E per unit energy

interval. If N(E) designates the number of electrons emitted by the fission

spectrum per unit time and unit energy interval and dV is the incremental

volume the electrons fill during the incremental emission time dt, then

f(E)dE = N(E) dE dt (5-2)dV

This equation shows that a fission spectrum multiplied by electron velocity

will be measured if there is no electron loss and if the electrons are

injected into a magnetic shell of fixed volume for a period of time which is

long in comparison to drift periods. However, if the electrons which were

reflected in the region of the Jason rockets become lost beyond the longitude

of the measurements, then for these electrons dV/dt is proportional to W d,

and v is inversely proportional to Tb. Hence, with no loss of energy by

scattering, the measurements should yield a fission spectrum divided by

tJ d Tb

The observed counting rates Ri of the detectors in the center of the band

on flight 2042 and the rates RF given by the product of the modified-fission

beta spectrum (N(E)/ dTb) and the geometric functions of the detectors inte-

grated over energy are listed below for comparison.

Channel Number 2 8 4 6

Ri  4030 + 760 2000 + 360 1050 + 190 1280 + 2,30

F 4030 2730 1000 1250
Hi

For flight 2019, which was launched about 23 minutes after the burst, the

good agreement of the measurements with this spectrum, is exceedingly difficult

to understand. The mechanism proposed earlier involved the passage of fission

100
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I fragments from the detonation point to the conjugate region via the magnetic

field lines, and electrons which were emitted during the time the fission

I fragments were in transit would be trapped. If this process did occur, the

injection would take place only during the fragment passage and the spectrum

observed during flight 2019 would consist of a line spectrum containing con-

tributions of particles whose energies were appropriate for drift around the

world one or more times during the interval between the detonation time and

I the measurement. Comparison of the counting rates (RLi) expected with this

spectrum with the observed rates Ri, as shown in Table 5-2, reveals that the

agreement is poor.

An alternate hypothesis for injection would be to assume that the frag-

ments become distributed in such a manner that injection can take place for

a much longer period of time. If this were the case, the spectrum observed

in flight 2019 would be continuous, containing components for very high

energies but being cut-off at energies below about 0.8 Mev, since electrons

below this energy cannot drift the required distance in the available time.

The observed counting rates (Ri) and the rates (Ri) calculated with these
ii

assumptions are also listed for comparison in Table 5-2. In this case, the

high threshold energy detector in Channel 6 reads quite low because of the

t-1.2 decay of the source (these high-energy electrons were emitted at a later

time than the low-energy electrons to have arrived at the rocket position at

the same time).

1. It should be noted that the above calculations assume that no energy is

lost by the electrons during their drift about the earth. It is unlikely

I that the electrons do not loose energy since a considerable amount of scatter-

ing must occur if the electrons are to be found in orbits which are accessible

to the Jason rockets. Due to the anamolies in the geomagnetic field, electrons

whose mirroring points are above the earth's surface on the magnetic line pass-

ing through the detonation point will, after drifting to the latitude of the

Jason flights, mirror at altitudes far above apogee of the vehicles. Therefore,

in order to be detected these electrons must have been scattered into lower

1 altitude orbits, and their energy must be correspondingly modified. The amount

of energy loss expected cannot be calculated under the present state of the

I trapping theory and the uncertainty introduced by the possibility of energy
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lose makes the conclusions derived from spectrum infomation extremely tenta-

tive.

TABLE 5-2

Comparison of Counting-Rate Ratios Based on the

Various Injection Mechanisms for Flight 2019

cRaNEr NumBERWi 2 8 ii 6

Observed Ratios 1.00 + .27 0.50 + .13 0.26 + .07 0.32 + .09
(Ri/R2)

Modified Fission 1.00 0.68 0.25 0.31
Beta Spectrum (R/4)

Line Spectrum ( /R) 1.00 0.88 o.18 0.19

(instantaneous injection)

Continuous Raission 1.00 0.90 0.22 O.042
(RC/R1) (Cut-off below .8
MeA because of drift line
requirements)
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I
J 5.6 INJECTION EFFICIENCY

A lower limit of the trapping efficiency can be determined by consid-

ering the Jason data to be a measure of the rate at which electrons are lost.

This is plausible because of the special region in which the data were taken

J with respect to the total configuration of the geomagnetic field. As discussed

earlier, electrons which reached the region of the Jason flights were very

likely absorbed by the atmosphere as they proceeded to drift eastwards. Hence,

an integration of the flux measu-ements over time gives a lower limit of the

total loss cf trapped electrons, from which a lower limit of the trapping

T efficiency can be estimated.

The incremental loss rate of electrons, observed by the Jason rockets,

can be obtained by finding the number of electrons in an incremental magnetic

shell which cross a certain area at the equator per unit time and which have

pitch angles at the equator such that the electrons reach the altitudes of

the Jason rockets. By Liouville's theorem, we know that the electron flux at

the equator, directed at the angle (0 with respect to the geomagnetic line

of force, is equal to the flux at the Jason-rocket altitudes which is directed

essentially at 900 to the magnetic field line. The angle 1o0 can be obtained

from the adiabatic invariance of the magnetic moment of the electrons (sin 2 (C °

equals ratio of magnetic field intensity at equator to magnetic field intensity

at Jason altitude along the same magnetic line of force). Thus, the number of

electrons of energy E in the range A E which cross a unit cross sectional area
of the incremental magnetic shell at the equator at the time t is f(E,t) /E/
coso o, where f(E,t) is the measured flux.

To get the number of electrons which are lost per second from the shell,

the flux f(E,t) AE/cos o0 must be multiplied by the cross sectional area

| A A of the magnetic shell. Here r is the geocentric distance

to the line of force at the magnetic equator, A r0 is the thickness of the

shell, and A (E) - C/d Tb/2. Note that if the azimuthal extent 6 + of
this "loss area" were taken to be larger than W )d Tb/2, then electrons would

be '6ounted" more than once; if 1 1 were taken to be smaller than CWd Tb/2,

then some of these electrons could avoid striking the "loss area" if their
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phases were appropriate. Hence, the loss of electrons of energy E in the

range L E, contained in the shell at r of thickness e r per second is

L(E, r 0,pt) A(E L.r 0 ,t) A. . r0  A r0 A (E) (5-3)L(Z,%t) z/% r° cosO °

In the previous section it was shown that the measured spectrum agreed

exceedingly well with a fission spectrum divided by d T . Consequently,

since the measured spectrum in Equation (5-3) is multiplied by - "(E) L dT b/2,

the loss spectrum L(E) is Just the fission spectrum.

An evaluation of L(E) in the center of the band at t = 41 minutes (2019

data) and a cibsequent integration over energy yields the following loss rate

of electrons from the band:

J10 Mev
hB(41 min.) - L(E), 2r., 41) (.047 re) dE

.5 Mev

9.44 x 1018 electrons/sec.

A similar evaluation and integration of Equation (5-3) over the "north

wing" of the trapping region yields,

;NW (32 4 t i 40.7 min) a 4.23 x 1018 electrons/sec.

Now, by assuming that the loss rate from the low latitude wing is equal to

that from the high latitude wing and extrapolating the time decay of the flux

( t1'15) which was observed in the range 32 min :_ t 4 5333 min, to, say,

t = 1 min, the total loss of electrons after t . 1 min, becomes,

+ (t 1*-1 . t, or
N0  fl / NB (41) + 2N( 4

1 ) t, o

N 6.2 x 1021 electrons.

Finally by taking the total number of fission betas emitted one minute or later

after the detonation to be

1o4
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I
NT - (1.7 1T) (1.3 x 1023  fission frag) (2.1 electrons/fisson

KT emitted after one minute)

1 - 4.65 x 1023 electrons,

the lower limit of the trapping efficidncy is,

i (Trap. Eff.)lower limit - 6.2 x 1021/4.65 x 1023 n 1.3 x 10 -2

I This value is believed to be a lower limibbecause it is quite likely that

more electrons were lost than those detected by t*e Jason rockets. Also, this

trapping efficiency is on the low side because no account was taken of
electrons which might have been trapped for very long periods of time, that is,

of electrons with mirror points so high as to remain trapped during the course

of this experiment.I
I ~ 5. COMM31' ON RESULTS

The observed decay rate of the electron flux, the constancy of electron

spectrum with time and space, and the brood wing of electron flux extendingIhundreds of mi.ometers north of the intense central band, suggest that the
phenomena leading to electron injection and decay may be vastly different from

' the high altitude injection by trapped fission fragments proposed earlier.

The broad wing to the north of the band is possibly produced by the decay of
fission fragments which were either initially ulonized or which became un-
charged by charge exchange collisions with the atmospheric atoms. The uncharged

fragments could move freely across magnetic field lines. The existence of this

wing only 41 minutes after the detonation and the constancy of spectrum as a
function of latitude suggest that electrons could not have diffused to this

region by scattering with the atmosphere. An alternate explanation might be
that the wing electrons were injected by debris carried aloft in the rising

fireball. However, in order to place electrons in the observed positions, the

debris would have to rise vertically almost 1000 km. Since debris rise could

produce a wing only on the high latitude side of the central band, the occurrence

of a similar wing on the low latitude side would indicate that debris rise was

I not the cause of the wing. The data obtained with the satellite Explorer IV

should be examined closely for evidence of such low-latitude wing.
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The time variation of the electron flux is not understood, and the

theory of electrons trapned in the geomsanetic field is not adequate at

present to give quantitative values of the flux variation with time. Early

attempts to estimate time decay rates led, with certain extreme approximations,

to a time dependence given by 1/t. Another approach leads to the conclusion

that the decay time is not a simple function of time but depends upon both

the initial energy distribution and pitch angle distribution of the electrons.

In essence, the distribution function of the electrons can be decomposed into

a series of spatial eigenfunctions, each of which decay in a prescribed manner.

Only in the simple case when a single eigenfunction is present will the decay

rate be the same at all altitudes. However, when the initial transients have

died out and the flux does decay with the time constant appropriate to the

longest lived or dominant eigenfunction, the decay time expected is on the

order of tens of years, far longer than the experimental results indicate.

However, the interpretation of the Jason experiment in terms of this

theory is difficult due primarily to the departure of the geomagnetic field

from that of a centered dipole. As mentioned previously, the trajectories of

the Jason rockets lie in the "magnetic shadow" of the earth. In effect, this

means either that the fission fragments emitting the electrons must have mi-

grated thousands of mies in longitude or that the electrons seen by the Jason

vehicles must have been scattered sufficiently to lower their mirror points

hundreds of kilometers during a single drift period about the earth. No quan-

titative calculations of the time required or mirror point diffusion are

available to check this latter possibility, although qualitative arguments

indicate that it is possible providing the initial injection altitude is low

enough.

The observed decay rate in the wings is sufficiently close to the time

variation of the gross beta activity of fission fragments that one is tempted

to explain the observed decay by assuming that the flux is in some form of

equilibrium with the source and that the observed time dependence results frm

the decaying activity of the fission debris rather than from the lifetime of

individual electrons. This situation would occur if the fragments remained
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in a position where they could inject electrons and the electron mirror
points were sufficiently low that most of the electrons are lost after one

drift period about the earth.

In addition to explaining the time dependence of the electron flux, such

an injection phenomenmnwould also account for the constant spectrum over the

time period of the observation. However, the spectrum observed on flight

2019 shortly after the detonation is still difficult to explain on this basis.

This continuous injection hypothesis has two fundamental difficulties.

The first difficulty is the low injection efficiency which would probably

occur if the electrons were emitted at low altitudes. The altitude of the

bomb detonation makes it very unlikely that any of the fission fragments can

be magnetically trapped high above the atmosphere, and it is expected that

they will quickly loose energy and come to thermal equilibrium with the atmos-

phere somewhere between 100 km and perhaps 500 km depending on initial pitch

angles. Since the initial mirroring point of an electron cannot be higher

than the injection point, many of these electrons will not live long enough

" -to drift once around the earth. Some of the electrons will have their mirror

-- points raised by scattering, but until quantitative calculations are available,

-- it is difficult to estimate how effective this scattering might be.

The other major difficulty is the requirement that the fission debris
be stationary, at least in latitude, for a duration of several days. Although

data are meager, wind velocities above one hundred kilometers are expected to

be several hundred kilometers per hour, a velocity which would quickly dis-

perse the radioactive fragments if they were neutral and behaved as the neutral

constituents of the ionosphere. If the fragments are charged, they might be

held in place by the magnetic field, at least at altitudes above the exosphere

where collisions with the neutral particles are infrequent. Actually, a contin-

ual change in the degree of ionization of the fission fragments is expected:

During the slowing-down process, a tendency towards neutralization by charge

exchange collisions prevails; but after thermal equilibrium with the atmospheric

constituents is reached, fission fragments can be charged by ionizing collisions

and by the action of the solar ultraviolet. In fact, the fractional ionization

I
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of the fission fragments would probably be greater than that of the atmospheric

gases because of the lower ionization potentials of the fragment atoms com-

pared to the ionization potentialn of oxygen and nitrogen.

At the present time, work is continuing on these two aspects of the

Argus experiment: 1) the ultimate distribution of the fission fragments,

and 2) the efficiency of low altitude injection as modified by atmospheric

scattering. Equations describing the time behavior of the distribution function

of el-ctrons trapped in the geomagnetic field have been derived and are now

being programmed for solution by a digital computer. The results of this cal-

culation should at least give a qualitative indication whether fragments sus-

pended at a few-hundred kilometers altitude can inject enough trapped electrons

to agree with the measured fluxes. With regard to the possible suspension of

fission fragments at high altitude, it is hoped that forthcoming geophysical

data may shed some light on this question. Preliminary reports have indicated

that a high concentration of ionized atoms of meteoretic material have been

detected at high altitude, suggesting that heavy ions may remain charged and

suspended for long periods of time. Further evidence may be obtained from

studies of sodium ions detected in studies of the night airglow. It is hoped

that as a result of this further work it will be possible to conclude whether

the short-time injection mechanism or the continuous injection hypothesis

best describes the trapping phenomena observed in the Argus experiment.

i0(3
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'IABJ, : A-1

GEOMETRIC FUNCTIONS of DETECTOR CHANNELS
(Subscript Refers to Chan nel No.)

t
Electron
Energy 0 1 G 7  G 3  06 G 2 0 0 4

.150 o o o 0 o u v

.200 0 .00100

.250 .0652 .00232

.300 .151 .00280
•350 .212 .00308
.4o0 .275 .00326

.450 .330 .00341 .00045

.500 .374 .05 .00354 00104

.550 ,405 .17 .00366 .00174

.600 .434 .35 .00375 00226I .650 .455 .57 .00384 .00264

.700 .474 .82 .00391 .00298

.750 .489 1.07 .00397 .00324

.800 .501 1.31 .oo4o3 .00344

.850 .513 1.55 .0o4o8 .00361

.900 .523 1.76 .00412 .00374

.950 .531 1.94 .01 .00416 .00383 .00006
1.000 .536 2.10 .05 .00420 .00391 .00022
1.050 .543 2.24 .09 .00423 .00398 .00038
1.]00 .547 2.36 .16 .00426 .00404 .00055
1.050 .554 2.47 .. 25 .00429 .o4o9 .ooo74IQ
1.200 .559 2.58 .34 .00432 .00413 .00092
1.250 .562 2.68 .45 .00434 .00418 .00113
1.300 .566 2.76 .57 .00437 .00o421 .00133
1.350 .571 2.84 .70 .00439 .00424 .00154
1.400 .575 2.92 .82 .oo41 .00428 .oo174
1.450 .578 2.98 .94 .oo443 .oo430 .00195
1.500 .581 3.04 1.05 .00444 .00433 .00213
1.550 .585 3.08 1.17 .001j46 .00436 .00234
1.600 .587 3.13 1.29 .00447 .00438 .00252
1.650 .590 3.17 1.40 .00448 .00 40 .00269
1.700 .593 3.21 1.51 .00449 .00442 .00284
1.750 .595 3.24 1.60 .00450 .00444 .00298
1.800 .598 3.27 1.69 .00451 .00446 .00312
1.850 .600 3.30 1.77 .00452 .oo447 .00325
1.900 .601 3.32 1.85 .00452 .o0048 .00336
1.950 .603 3.3b 1.92 .u 453 .004h9 .00345

2.000 .605 3.36 1.98 .00o453 .00450 .00353
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TA~idI A-i ((r ' ' )

GEOMETRIC FUNCTIONS of DETECTOR CHANNELS
(Subscript Refers to Channel No.)

Electron
)ner y 01 G7 G3 6 2 G 4

2.250 .612 3.42 2.21 0 .0055 .00453 .00377
2.500 .619 3.45 2.39 .00457 .00156 .003139
2.750 ,624 3.47 2.54 .0158 .00457 .00396
3.000 .626 3.48 2.67 .00458 .00458 .oo403
3.250 .629 3.49 2.79 .00410
3.500 .631 3.49 2.89 .00415
3.750 .634 3.50 2.98 .00420
4.ooo .634 3.5o 3.06 .ooh25
4.250 .635 3.50 3.12 .001,29
4.500 3.51 3.17 .020 .00433
4.750 3.51 3.21 .068 .00437
5.000 3.51 3.25 .110 .0040
5.25o 3.51 3.28 .150 .0043
5.500 3.51 3.31 .198 .00445
5.750 3.52 3.34 .250 .00447
6.000 3.36 .310 .00h19
6.250 3.38 .370 .0051
6.500 3.0 .440 .000452
6.750 3.12 .510 .004153
7.000 3.43 .58o .004514
7.250 3.14 .650 .00455
7.500 3.h5 .720 .00456
7.750 3.46 .793 .00457
8.000 3.7 .862 .00457
8.250 3.48 .933 .00458
8.500 3.48 1.008 .00458
8.750 3.h8 1.078 .00o58
9.000 3.4h91.19 .001s58
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