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various counters are fed to a transistorized electronic 
system which performs the necessary logic functions and 
presents the reduced data to an interface compatible with 
the satellite telemetry system.

This experiment was carried into polar orbit on 
three Agena satellites in 1962. Table 1 gives the launch 
data, vehicle designations, apogee and perigee (Lange et 

al., 1963).

Table 1

Satellite Designation and Ephemeris

Launch Date 
April 18 
April 28 
July 21

Designation 
1962 lambda 
1962 rho 
1962 alpha eta

Apogee 
(miles)
178
226
218

Perigee 
(miles)
120
110
122

The orbital periods were o^90 minutes,, so that a given 
orbit was repeated after 16 orbits or r*2.k hours.
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INSTRUMENTATION

The basic detector, shown In Pig. 2, consists of 
a B^F-^ proportional counter for neutron detection sur­
rounded by an array of ten proportional counters for 
charged particle detection. The neutron detector is one 
inch in diameter by three inches long, and Is filled to 60 
cm.Hg. pressure with BP^ gas enriched to 96% Neutrons
are detected through the B^®(n,ot)Li7 reactions which are 
listed in Table 2 (Marion and Fowler, i960). The net

Table 2

B^(n,«t)Li7 Reaction Information

Reaction Q (Mev) Branching Ratio
B10(n,oc)Li7 2.792 .06
B10(n,ot)Li7Jlt 2.31 -94
Li? *  ( r^Li7 0.480 *7*1/2 = 7- 7 x 10"14 Sec

reaction energy is shared between the 01 particle and the 
Li7 nucleus, ordinarily leading to a minimum of 2.31 Mev 
of energy liberated through ionization of the gas. The ex­
ception occurs when the reaction occurs near the counter 
walls, so that some of the energy is dissipated in the 
counter walls. A smearing of the pulse height distribu­
tion towards the lower energies occurs, because reactions
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occuring at the ends of the counter or near the center 
wire will produce smaller pulses, since the multiplication 
process In the gas doesn't fully develop in these cases. 
The counters possess a voltage plateau greater than 100 
volts and a plateau slope of *v» 1//100 volts, using a 2 
millivolt discrimination threshold. Pulses due to Jf-ray 
or x-ray interactions and the passage of minimum ionizing 
charged particles are less than 1 millivolt and are thus 
rejected by the discriminator.

The charged particle detectors are 1/2 inch in dia­
meter by three inches active length, filled to 12 cm. Hg 
pressure with argon and to 48 cm. with methane. These 
were used as two banks of five counters in coincidence. 
Their plateaus center around 2250 volts for the propor­
tional region, but in order to keep the counter dead time 
less than 10 gsec, the counters were operated in the semi­
proportional region. This improves the time response of 
the counter, but sacrifices the stability of the counting 
rate as a function of high voltage. In this instance, the 
counters were operated at 2100 volts with an operating 
slope of #w30$ per 100 volts. Since the high voltage 
power supply was regulated to 15 volts over the expected 
variation of input voltage and ambient temperature, this 
leads to a —1.5/ uncertainty in the counting rates. This 
Is completely negligible for this experiment.

The entire array of counters was encased in a cyl­
indrical shell of paraffin 6 inches long by 1/2 Inch thick
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which acted as a moderator for higher energy neutrons. The 
paraffin was contained in a thin aluminum shell which was 
sealed with epoxy. The epoxy used as the high voltage in­
sulation and interstitial support for the counting tubes 
also acted as a moderator, especially at the ends of the 
cylinder. The efficiency of the detector for neutrons with 
energies in the range of 100 Kev to 10 Mev could have been 
improved by increasing the moderator thickness to 1 inch, 
but the available payload space prevented this choice. Pig. 
3 shows the flight package and indicates the position of 
the detector module. The remaining space contained the 
electronic decks, individually foamed in a light plastic.

Pig. 4 shows the block diagram of the electronics 
system. The charged particle pulses are amplified, dis­
criminated, and fed to a coincidence circuit with a re­
solving time of 5 |asec. These coincidences are scaled and 
fed to the telemetry, and are also used to trigger a uni­
vibrator which blanks a neutron channel. This blanking 
time is set for 100 psec, which is greater than three times 
the half-life of neutrons in the overall detector, in­
cluding the moderator. This half-life of the neutrons is 
discussed under CALIBRATION. Both the total output and the 
gated output of the BF^ counter are scaled and fed to tele­
metry. In this manner, the effects of evaporation neutrons 
produced by protons and« particles interacting with the de­
tector assembly can be removed and monitored. In addition, 
a channel Is provided for monitoring the temperature inside
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the package. Detailed schematics of the various circuits 
designed for and used in this experiment are given in 
APPENDIX I, along with performance criteria and tests.
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CALIBRATION

The detecting system was calibrated by exposing the 
complete flight packages to fluxes of neutrons with 
0***En *3£l5 Mev, protons with 0<EpC2l60 Mev, and electrons 
with 1 Mev2Ee,a 3  Mev. In these calibrations* both the 
neutron and charged particle detecting channels were moni­
tored to determine the response as a function of flux and 
energy. The proton calibrations were conducted at the Har­
vard University FM cyclotron and the electron calibration 
at the High Voltage Engineering Corporation. The neutron 
response was measured at the University of New Hampshire 
and at the thermal neutron flux facility at the Portsmouth 
Naval Shipyard.

Fig. 5 summarizes the neutron energy calibration.
A 400 Kev Van de Graaff with a pulsed deuteron beam pro­
vided a source of nearly monoenergetic neutrons at 14.4 
Mev* 5.2 Mev* 2.9 Mev and 110 Kev using tritium* copper* 
deuterium and carbon targets respectively. Calibrated 
radium-beryllium sources were also used* including tests 
with the detector mounted on the satellite. The two points 
arbitrarily plotted at 1 ev refer to calibration of the 
bare BF3 counter and the finished packages In known thermal 
fluxes.

The actual calibration with the Van de Graaff was 
carried out as follows. Fig. 6 shows the placement of the 
flight package* the standard long counter (Hanson and
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McKibben, 19^7j Marlon and Fowler, i960) and a moderated 
BF3 counter with respect to the Van de Graaff target. The 
neutron flux Incident on the detector is determined by the 
activation of metallic foils or by the use of the monitors. 
The ratio of the detector’s counting rate to the neutron 
flux incident on the detector is defined as the efficiency 
of the detector at that energy. The efficiency is denoted 
as S(E) and has the units of counts/n/cm^.

For the T(d,n) He^ reaction, a thin copper foil
(one inch in diameter, 1.338 gms) was mounted on the face
of the detector and served, as the absolute monitor of the
neutron flux incident on the detector. Cu^3 pas a negative
Q of 10.7 Mev for neutrons, and the resulting nucleus,

62Cu , has a half-life of 9*9 minutes, making this reaction 
a good monitor for neutrons above 10.7 Mev. The 9-9 min­
ute half-life leads to moderate irradiation times, and yet 
is very convenient for subsequent counting of the induced 
activity in the foil.

Trial runs with the Van de Graaff in dc and pulsed 
modes of operation established that neutrons which had been 
scattered by the walls of the room were contributing signi­
ficantly to the response of the package being calibrated. 
Fig. 7 shows the counting rate of the flight detector as a 
function of time after the beginning of the neutron pulse 
from the Van de Graaff. The counting rate reaches a maxi­
mum at the end of the neutron pulse, and then falls off 
exponentially with a half-life of 32 - 2 gsec until 90
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usee after the end of the neutron pulse, where the scat­
tered neutron flux is now contributing significantly to 
the counting rate. To eliminate the response to the 
scattered neutron flux, the detector output was electron­
ically gated, so as to count only for a convenient 28 (isec 
after the beginning of the neutron pulse. The true number 
of counts due to the neutron pulse minus the response to 
the scattered neutrons is then given by the counts an the 
28 psec interval times a constant. This constant is the 
ratio of the areas A plus B to the area A as shown in Fig.
7, and is equal to 2.2 - .2. This method assumes a 32 
Usee exponential decay for the counting rate after the 
Van de Graaff pulse, and hence, assumes that the detector's 
response to the scattered neutrons is negligible until 90 
lasec after the pulse. Further tests with a calibrated 
radium-beryllium source verify this assumption.

For the D ( d , n ) H e 3  reaction, no convenient element 
exists which has a threshold for neutron activation suffi­
ciently close to 2.9 Mev, such that activation by scat­
tered neutrons would not be a serious problem. Thus, the 
flux incident on the detector had to be determined by the 
use of the standard long counter. The response of the long 
counter was monitored during the calibration with 14.4 Mev 
neutrons, so the long counter response could be directly 
related to neutron flux incident on the flight package at 
14.4 Mev. The published long counter response as a func­
tion of energy (Hanson and McKibben, 1947; Marion and Fowler, 
i960) extends only to 9 Mev, so the response of the long
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counter at 2.9 Mev relative to that at 14.4 Mev had to be 
determined using a BF3 counter within a cadmium-covered, 
paraffin moderator, 2 inches in thickness. The relative 
response of this detector is known (Hess et al., 1959)- 
Actually, the response of the long counter for 14.4 Mev 
neutrons relative to the response at lower energies turns 
out to be just what one obtains by a smooth extrapolation 
of the published response as a function of energy.

For the Cu^3(d,n) Zn^, Cu^3(d,n) Z n ^  and C^(d,n) 
n !3 reactions, the standard long counter was used as the 
absolute flux monitor.

Prior to the assembly of a flight package, the bare 
BF3 counters were calibrated at the Portsmouth Naval Ship­
yard in thermal fluxes known to 10$. After assembly, the 
completed flight packages were calibrated in thermal fluxes 
produced by using a huge paraffin box around the Van de 
Graaff target. In this case, the thermal flux was moni­
tored by the activation of In-*--*-̂  and could be determined 
to 15$* The two thermal measurements agree to veri­
fying the accuracy of the activation analysis methods.

Using the calibration curve, Fig. 5j> and the energy 
spectra given by Hess et al. (1961), Newkirk (1963)̂  or 
Lingenfelter (1963)? the conversion factors relating the 
BF^ counting rate to the neutron flux can be calculated for 
each spectrum. Thus, if the differential neutron flux in

pneutrons/cm sec/Mev is given by j(E) and the reponse of 
the detector is given by S(E), then the mean response of
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this detector is given by Eqn. 1.
S  = Je (i)o

Table 3 lists the mean responses and gives some 
characteristics of each spectrum. Columns A and C refer 
to the energie s above which 90$ and 10$ of the neutron 
flux are found respectively. Column B lists the energy 
corresponding to the maximum in the energy distribution, 
while Column D lists the predicted latitude effect.

Table 3

Characteristics of the Energy Spectra
A B C

Spectrum counts/n/err/ Mev Mev Mev D
Hess et al. (1961) .28 0.1 0.8 8 4.5/1
Newkirk (1963) • 34 0.003 0.45 6 ---------

Lingenfelter (1963) • 33 0.003 0.2 3-5 10.5/1

In addition to these calibrations, the response of 
the flight package to neutrons from a calibrated radium- 
beryllium source was determined. In this Instance, both 
the source and the flight package were suspended by wires 
from the ceiling of a large room, so as to minimize the 
effects of scattering from the walls, floors, etc. Tests 
to determine the response of the detector as a function of



23

source distance verified that the response fell off as
p1/r , indicating that scattered neutrons were not a pro­

blem here. The mean energy of the neutrons from the 
radium-beryIlium source is **>4 Mev (Marion and Fowler, 
i960), intermediate to the neutrons from the deuterium 
and copper targets. Fig. 5 shows that the efficiency de­
termined with the radium-beryIlium source agrees with 
those determined using the Van de Graaff, activation foils, 
long counter, etc., thus lending consistency to the entire 
calibration.

Tests were also run with the radium-beryllium 
source to determine the directional response of the flight 
package. The response was found to be omnidirectional to 
better than 10$. This result was not expected, but the 
moderator thickness used was thinner than optimum for 
these neutrons. Thus, when a given flux is incident on the 
end of the detector, it sees a smaller but more efficient 
detector than it would see if the flux were incident on the 
sides of the detector.

Further tests were run using the radium-beryllium 
source, but with the flight package mounted on the Agena 
satellite. The results showed that the presence of the 
Agena vehicle did not modify the package calibration with­
in the counting statistics of *'*5$■
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THE AGENA SATELLITE

The Agena is a satellite used by the Department of 
Defense for investigations in space. It possesses active 
control systems such that a given side of the satellite 
always faces the earth. This experiment was mounted on a 
rear door looking down at the earth, and after ejection 
of the launch heat shield, less than 10$ of the 27r solid 
angle facing the earth was obscured in any way. That por­
tion obscured was at about 90° to the zenith line and 
should be unimportant for this experiment, since the top 
of the atmosphere at the horizon is at **75° to the zenith 
line. Stated differently, the detector views the entire 
visible earth with no obstruction.

The Agena is a reasonable vehicle for neutron al­
bedo measurements, even assuming a maximum weight of 2100 
lbs. (Lange et al., 1963)* provided the experiment is lo­
cated on a door at the rear of the vehicle. This comes 
about because the vehicle is large and has a favorable mass 
distribution, as well as the fact that a small number of 
experiments are mounted on these doors with good spacing. 
The only material internal to the doors is the rocket en­
gine Itself, and the spacing is such that only*^0.3$ of the 
evaporation neutrons produced in the engine enter the 
solid angle subtended by the detector. The effects of neu­
tron production are discussed in more detail under RESULTS 
and in APPENDIX III.
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Data retrieval from the Agena is carried out by 
the Lockheed Missiles and Space Company, Sunnyvale, Cal­
ifornia. Ordinarily they are funded under government con­
tract to make up to 85 data acquisitions from the basic 
research experiments during the four- to five-day power 
life of these experiments. In the present case, informa­
tion from the first vehicle was extremely limited because 
of noise in the data recordings. Information from the se­
cond vehicle was of good quality, but few data acquisitions 
were made. On the third vehicle, 85 data acquisitions were 
made over a period of five days. These were about evenly 
divided between real time acquisitions of *** four minutes 
and tape recorder readouts of up to one orbit.
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DATA REDUCTION AND INTERPRETATION

The experiment presents the data to the satellite 
telemetry system In a binary form. Each data output Is 
sampled once per second by an electronic commutator and 
then fed to a real time transmitter and a tape recorder.
Data are acquired at ground receiving stations In Hawaii,, 
Alaska, California, New Hampshire and Greenland, both from 
real time transmissions and command readouts of the tape 
recorder. These data are on magnetic tape and are further 
processed by Lockheed Missiles and Space Company, separ­
ating the data of this experiment for all other information 
transmitted and correlating these data with the various 
ephemeris data. As they are finally received here, the 
data are a point by point reconstruction of the original 
binary data, printed on a strip chart with the proper time 
base.

The real time data can be read off these charts 
accurately for time intervals down to '**'20 seconds, if the 
counting statistics justify this effort. However, the 
time base for the tape-recorded data is compressed by a 
factor of 25 due to the high speed readout of the tape 
recorder, so that data can be accurately derived from the 
charts only for time intervals of ^  4 minutes or more. This 
means that a counting rate recorded near the equator will 
be an average over at least 10° of latitude and 1 or 2 
degrees of longitude, while one recorded at high latitudes 
will be an average over as much as 50° longitude and perhaps
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1 or 2 degrees of latitude. Thus, if any sudden changes 
in counting rate occur, they may be observed in detail 
only in the real time data.

Using these time intervals, the uncertainty in any 
given time interval Is ordinarily \% to 2%, and as such, 
represents a negligible source of error in a flux deter­
mination. The statistical standard deviation In the number 
of counts In the usual time intervals ranges from 15% to 
25^ for the BF^ counter, depending upon counting rate. In 
the final analysis of the data, many observations in a 
given latitude Interval are averaged, thus improving the 
statistical validity of the data. In converting these av­
erage counting rates to neutron flux for a given spectrum, 
the uncertainty in the neutron energy calibration of 25% 
must be included. Thus, the uncertainty in a given neu­
tron flux Is ordinarily 30^.

No, temperature corrections need be applied to these 
data, since the flight temperature varied from 30° C to 
10° C, while tests Indicated that the response of the en­
tire flight system varied less than ^3% over the tempera­
ture of -30° C to +70° C.

A final point of concern is the proper interpreta­
tion of the data derived from this experiment. As already 
explained, a given observation might be the average of the 
counting rate while the satellite was traversing *»10° of 
latitude near the equator. However, at any instant, the 
detector sees neutrons coming from the entire top of the
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atmosphere visible to it. The size of this source is 
large. An observer at the center of the earth would see 
the projection of this source as a circle centered about 
the satellite and with a radius equivalent to 14° of lati­
tude.

The particular importance of any unit area of sur­
face within this source is dependent upon the angular dis­
tribution of neutrons emerging from the unit area. The 
original theory of Hess et al. (1961) predicted that the 
neutrons emerging from such a unit area should have an

pangular distribution going as cos 0̂  where 9 is the angle 
measured from the zenith. - The improvements made in this 
theory by Lingenfelter (1963) include an evaporation neu­
tron source deeper in the atmosphere and the inclusion of 
the effects of inelastic scattering in the diffusion pro­
cess. Both effects will tend to change the angular distri-

Obutton of the neutrons from a cosL 9 distribution to one 
which is more omnidirectional. Lingenfelter has not yet 
been able to calculate this angular distribution, so one 
can only choose a specific distribution and investigate its 
effect.

A cos 9 distribution would imply that of the
neutrons arriving at the detector at any instant came from 
a circular source region of radius equivalent to 7° of 
latitude. An omnidirectional source distribution would im­
ply a neutron source nearly equal to the visible source, 
i.e., a radius equivalent to 14° of latitude.
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The result of this angular distribution is that 
while the satellite may traverse 10° of latitude during a 
particular measurements the detector is really averaging 
the neutron flux over ^24° of latitude (10° + 7° + 7°)> 
if the angular dependence goes as cos 9, and averaging 
over ^ 3 8 °  of latitude if the source is omnidirectional.
This averaging should not affect measurements made near the 
equator or in the polar regions, since the primary cosmic- 
ray flux is approximately constant over latitude intervals 
comparable to or larger than the latitude intervals of 
interest here. One would expect the neutron albedo pro­
duced by the cosmic radiation to be approximately constant 
there also. However, at intermediate latitudes one would 
expect a smearing of the true shape of the latitudinal 
variation of the neutron albedo.

Up to this point, the gated counting rate of the 
BF^ counter has been designated as the response to the 
albedo neutron flux and thus can be directly related to 
a flux for a given spectrum. This interpretation needs 
an additional qualification. Protons and ct. particles of 
the cosmic radiation can enter the detector assembly at 
the ends and pass completely through the assembly without
being directly detected i. e., without passing through
the charged-particle proportional counters. Some of these 
particles will interact with nuclei in the assembly and 
neutrons will be produced. Some of these neutrons will be 
detected. In evaluating the size of this production source,
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the following points must he considered. (l) The solid 
angle through which this effect can occur is . 4
steradians or +* 10/ of the total solid angle. Since the 
primary cosmic radiation is isotropic, **10% of the parti­
cles will enter through the ends of the detector assembly. 
(2) The calculations outlined in APPENDIX III show that 
**2/3 of the neutrons produced in the detector assembly 
are produced by nuclear interactions in the counter walls. 
Thus a smaller fraction of the particles entering the de­
tector assembly through the ends will produce neutrons as 
compared to those entering through the sides. (3) If an 
interaction does occur, charged particles in the fast cas­
cade and/or the several charged particles evaporated from 
the residual nucleus may result in a charged-particle coin­
cidence .

These three effects lead one to believe that the 
cosmic radiation entering the detector assembly through 
the ends will account for much less than 10/ of the total 
neutrons produced in the detector assembly. Under RESULTS 
it is shown that the neutrons produced in the detector 
assembly account for 20/ of the counting rate at the equa­
tor and 40/ at the poles. Thus, the effect of neutrons 
produced by cosmic rays entering the detector assembly 
through the ends should be negligible here.

The next section of this thesis will be concerned 
with the results of the experiment. The results are pre­
sented in graphical form and are compared with the


