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ABSTRACT

The energy spectrum of fast neutrons (3-20 Mev) in
2the atmosphere at Pfotzer maximum (-100 gm/cm ) was measured 

with a balloon launched from Palestine, Texas (-42° geomag­
netic latitude). The neutron-gamma ray detecting system 
was a 2" x 2" diameter cell of organic liquid (NE 213) 
coupled to a high-resolution two-parameter multiple-particle 
(e,p,a) pulse-shape discriminator (PSD) and a two-parameter 
(64 x 64) logarithmic pulse height analyzer. The n-y detec­
tor was completely enclosed by an anticoincidence charged- 
particle shield. The PSD resolved Compton-electrons, recoil- 
protons, and secondary alpha particles.

We found the slope 3(E) of the differential neutron
“8(E)energy spectrum (dNn/dE = B(E) E ) to smoothly decrease

(harden) with increasing energy (3(E) = 4.1+0.5 at 3 Mev 
to 1.2 +0.5 at 20 Mev). Since the neutron energy spectrum 
shows a continuous flattening with increasing energy, we 
believe that the theoretical extrapolations of the high- 
energy albedo-neutron leakage flux beyond the range of meas­
urements is extremely unsound. Consequently, the fraction 
of high-energy neutrons decaying to produce protons in the 
magnetosphere may be larger than previously indicated by 
both theory and experiment.

vii



CHAPTER I

INTRODUCTION

Singer (1958), Hess (1959), Freden and White (19 59), 
Kellogg (1959), Shklovsky et al. (1959), and Vernov et al.
(19 59) independently suggested that the trapped radiation 
belts around the earth originated from the decay within the 
magnetosphere of neutrons produced by cosmic radiation inter­
acting within the atmosphere. The high-energy knock-on neu­
trons, which are produced by cosmic-ray particles making 
grazing angle collisions with the outer extent of the atmos­
phere, can directly escape into space. Since the half-life

3of the neutron is about 10 sec, the leakage neutrons can 
decay (n -* p + e + v ) to produce charged particles in the 
vacuum within the geomagnetic field above the atmosphere.
These decay-produced protons and electrons may be trapped by 
the geomagnetic field causing them to mirror between the mag­
netic poles. Such gyrating charged particles may account for 
a fraction of the higher energy charged particles trapped by 
the geomagnetic field, referred to as the Van Allen radiation 
belt. Thus, although the theory of cosmic-ray secondary neu­
tron production to populate the belts is an a priori theory, 
it requires knowledge of the probabilities for neutron produc­
tion by cosmic rays in the atmosphere, the subsequent diffusion 
of neutrons from the atmosphere, and the beta decay with sub­
sequent capture of the resultant charged particles by the geo-

\
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magnetic field.
Experimental evidence, as well as detailed calcula­

tions made about 19 60, suggest that the high-energy fraction 
of the radiation may originate from this source. The de­
tailed evaluation of the cosmic-ray neutron albedo as a 
source mechanism for the trapped radiation depends upon 
knowledge of the fast neutron source strength, the effective­
ness of trapping of these beta-decayed, high-energy charged 
particles within the magnetosphere, and, finally, the atmos­
pheric loss mechanisms for such particles.

In this thesis we have measured the fast neutron flux 
and energy spectrum in the atmosphere to improve the calcula­
tions of the source strength for this mechanism of populating 
the radiation belts. By way of introduction, we will briefly 
survey some theories proposed to account for the radiation 
belts which surround the earth; and, specifically, to evaluate 
the cosmic-ray neutron albedo mechanism as a source. The ex­
periment, recently carried on a balloon flight to about 5 gm 

-2cm altitude will be discussed in detail. The energy spec­
trum and fast neutron flux value obtained from these flights 
will be compared with other measurements and with the theoret­
ical calculations of Lingenfelter (1963), Dragt, Austin and 
White (1966), and Hess and Killeen (1966) to determine whether 
this is an adequate source mechanism for the energetic trapped 
protons.
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- CHAPTER II 

SOURCE MECHANISMS FOR THE RADIATION BELTS

1. Introduction

The radiation belts enveloping the earth discovered 
by Van Allen (1958) and Vernov (1958) independently have 
certain remarkable characteristics. Firstly, the inner 
energetic particle belt is characterized by very little 
change with time and is almost entirely composed of energet­
ic protons and electrons (Hess, 19 65). Figure 1 gives some 
indication of the fluxes, energy spectra, and location of 
the charged particles within the belt (Naugle and Kniffen,
1961; Hess, 1968). Secondly, the ratio of alpha particles 
to protons within the inner regions is considerably less 
than that within the solar plasma or in cosmic rays . This 
is a difficulty for source mechanisms depending upon the ac­
celeration of particles from the solar plasma in the magneto­
sphere (Fenton, 19 67; Krimigis and Van Allen, 1967).

In considering the origin of the trapped radiation, 
we may ask if it can be of solar origin. If so, then how do 
the particles get in the "forbidden" regions of the geomagnetic 
field? By what mechanisms can these particles be accelerated 
near and inside the magnetosphere? What is the relative im­
portance of these mechanisms to the cosmic-ray neutron albedo 
source? In further discussions of the source mechanisms we
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will arbitrarily divide them into two classes: the electro­
magnetic source mechanisms and nuclear mechanisms.

2. Electromagnetic Source Mechanisms

The electromagnetic source mechanisms involve the 
acceleration and scattering of low-energy particles already 
within the magnetosphere. In order for an irreversible ac­
celeration of trapped particles to occur, it is necessary that 
one or more of the three adiabatic invariants of the motion 
be violated.

If the magnetic field can be uniformly increased at 
a slow rate sufficient to conserve the magnetic moment, then 
a trapped particle can receive a net energy gain through the 
betatron effect (Northrop, 19 63). A possible method of pro­
ducing the effective change in the magnetic field can be the 
convective motion of particles from the boundary of the mag­
netosphere into regions of higher field strength (Axford and 
Hines, 1961; Kaufmann, 1963). Other electromagnetic source 
mechanisms include the Fermi acceleration process in which a 
charged particle in motion collides with a moving magnetic 
mirror point (Fermi, 19 49).

Hydromagnetic waves may play an important role in 
the acceleration and scattering of particles. The existence 
of such hydromagnetic waves propagating in the geomagnetic 
field was predicted a number of years ago and has been recently 
confirmed experimentally. They are, apparently, generated at 
the boundary of the magnetosphere (Patel, 19 64).
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Another electromagnetic source mechanism is the in­
jection of energetic particles from the interplanetary plasma 
directly into the magnetosphere either by diffusion across 
the boundary or by the intrusion of the plasma into the mag­
netosphere. In general, all these mechanisms are difficult 
to evaluate quantitatively, but most certainly they j?lay a 
role in the populating of the radiation belts.

3. Nuclear Source Mechanisms

In the early studies of the Van Allen radiation belts, 
it was proposed by Singer (1958), Hess (1959), Freden and 
White (1959) , Kellogg (1959) , Shklovsky et al. (1959) , and 
Vernov et al. (19 59) that the neutron leakage or albedo was 
an important source function. Protons would be injected into 
the trapped regions by neutron decay. Of course, the simplest 
source would be to trap protons directly out of the cosmic- 
ray flux, but as Hess (1965) has clearly indicated, all cal-

4culated fluxes are too small by a factor of at least 10 .
Solar neutrons which beta decayed within the magneto­

sphere would also contribute to the trapped particles, but 
all estimates of this resultant proton source are likewise 
far too low because the solar neutron flux is so small.

Singer (1958) showed that the albedo neutron leakage 
injection mechanism would give intensities which were in 
reasonable agreement with the observations. Assuming that 
only the atmospheric density determines the lifetime of trap­
ping, he calculated the expected intensity distribution with
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respect to altitude and the energy spectrum of the trapped 
high-energy protons resulting from the decay of the high- 
energy neutrons (Singer, 19 59). Independently, Vernov et al.
(19 59) suggested the same source and pointed out that magnetic 
scattering would provide a limit on the lifetime at high alti­
tudes. Recent theoretical calculations and revaluation of 
this source by Lingenfelter (1963) , Dragt, Austin and White 
(1966), and Hess and Killeen (1966) indicate that albedo 
neutron decay may play a significant role only at high neu­
tron energies (E > 30 Mev). For lower energies, the contri­
bution to the trapped proton flux from the albedo neutron 
flux is probably insignificant.

Although there are current indications that the low 
energy trapped radiation does not originate from cosmic-ray 
neutron leakage, no other mechanism of injection and/or ac­
celeration which is amenable to complete quantitative calcu­
lation has been proposed. Thus, it is specifically upon this 
neutron "albedo" source that this study will concentrate. In 
the following section we will briefly summarize the discussion 
of Dragt, Austin and White (1966), and Hess and Killeen (1966) 
on such a mechanism.

4. Discussion

Independently, both groups have concluded solar protons 
and solar neutrons make an insignificant contribution to the 
protons trapped in the Van Allen belts. Also, they agree that 
for protons of energy less than 10 Mev the galactic cosmic- 
ray secondary neutron decay injection is inadequate to produce

'i
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the large proton flux observed, as shown in Figure 1. Of 
particular relevence to this thesis are their conclusions that 
for proton energies greater than 20 Mev the neutron decay mod­
el may be adequate, but with differing modifications. First, 
Dragt et al. (19 66) conclude that the ratios of the albedo 
neutron fluxes to mean atmospheric denisties encountered by 
trapped protons are low by a factor of 50 or larger. On the 
other hand, Hess and Killeen (19 66) conclude that the slight 
disagreement at low altitudes may be attributed to additional 
contributions from other unknown mechanisms. However, at 
high altitudes, the flux calculated is close enough to the 
measured flux to say that the trapped protons in the middle 
of the inner belt may well come from galactic cosmic-ray 
neutrons.

In conclusion, more experimental data are required 
to clarify the theoretical situation. As Dragt et al. (19 66) 
pointed out the differential neutron energy spectrum flattens 
out or perhaps even goes through a minimum at about 15 Mev, 
and then rises again rapidly with decreasing energy. This 
suggestion will be fully considered later in this thesis be­
cause the present system can determine such changes in the 
spectrum shape. We believe that the theoretical problem has 
been adequately developed by numerous workers. On the other 
hand, the experimental techniques used to acquire the neces­
sary data on the neutron flux, energy spectrum, and atmos­
pheric density need extensive revision at this time. The 
reason is the difficult conflicting experimental constraints 
imposed upon such a system. In order to understand these ex­
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perimental conflicts, the following sections will introduce 
the specific experimental and theoretical difficulties which 
have prompted experimenters to assault this problem with an 
ever greater array of detecting systems.
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CHAPTER III 

GENERAL CONCEPTS

1. Introduction

Since the secondary energetic particle radiation in 
the atmosphere is produced by cosmic rays, we will describe 
the general properties of this radiation. This high energy 
source produces many different secondary particles, including 
neutrons. The majority of the neutrons diffuse within the
atmosphere, degenerate in energy, and are finally captured

14 14by N to produce C . This diffusion theory model is well
established and accurate within the atmosphere. However, 
since the neutrons near the top of the atmosphere are ex­
posed to no distinct boundary conditions, the diffusion ap­
proximation fails. Various theoretical approaches to over­
come this have been carried out. Thus, the energy and an­
gular distribution above the atmosphere can be theoretically 
calculated if the neutron spectrum within the atmosphere is 
measured. From this calculated "albedo" neutron spectrum 
above the atmosphere, one calculates the resultant charged- 
particle spectra from the beta decay of the neutrons into 
protons, electrons, and anti-neutrinos. In particular, the 
energy and angular distribution of the resultant protons can 
be calculated. With this calculated proton distribution and 
the surrounding geomagnetic field, one can further calculate 
the flux of protons that will -be geomagnetically trapped.
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Since some of these trapped particles will also be continu­
ally lost in later collisions with the atmosphere upon mir­
roring, a simple "leaky bucket model" is used to obtain the 
final equilibrium spectrum of trapped protons in the Van 
Allen radiation belt.

2. Primary Radiation

The primary cosmic-ray fluxes of the galactic, and
possibly intergalactic, cosmic rays are approximately 0.20

2 - 1  2 - 1  protons (cm -ster-sec) and 0.03 He nuclei (cm -ster-sec)
*

2 -1with a very small component (-0.003) (cm -ster-sec) of 
nuclei with Z > 2, roughly following the universal abundance 
of atoms. Thus, the proton/alpha particle ratio is -7. Al­
though free neutrons are found in equilibrium in the atmos­
phere, they cannot be present in any significant number in the 
primary cosmic-ray flux because of their relatively short half- 
life. There is also an extremely small component of electrons

g
and X-rays. The energy per nucleon ranges between 10 ev and 

2010 ev and exhibits a smooth differential energy spectrum.
Another important characteristic of this cosmic-ray 

flux is its history. The flux, as determined by studies of 
deep sea cores, has varied no more than 20% over the last 
30,000 years. This long-term average appears to be relatively 
constant, but transient cosmic-ray time variations have been 
detected. These transient variations are placed into two 
broad categories after applying local meteorological correc­
tions to the records: (a) variations of solar origin (solar
flares, Forbush decreases associated with magnetic storms,
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solar daily variations and 11-year variation), and (b) vari­
ations of galactic origin (possible sidereal diurnal variation 
of the high energy component).

We must bear in mind that, aside from an extremely 
small solar neutron flux, all neutrons are secondaries pro­
duced locally by the primary cosmic-ray collisions within the 
atmosphere. Although these primary energies are very great, 
the earth's magnetic field can be used as a momentum analyzer 
to select a portion of the spectrum. A threshold rigidity 
can be defined for cosmic rays at a particular zenith and 
azimuth angle so that particles would be excluded below this 
rigidity. For a simple dipole field, which is a first-order 
representation for the geomagnetic field, the variation of
the vertical cutoff rigidity (P ) is given by:c

P = 14.9 (Gv) Cos4(X) c

where rigidity P(Gv) = 300 B (gauss-cm). Thus, the earth 
acts as a magnetic rigidity analyzer for the primary cosmic 
rays in the momentum range 1-15 Gv.

3. Secondary Radiation

These primary particles collide with the nuclei of 
the atmosphere to produce all the known fundamental particles. 
Although the details of the resulting cascade of secondaries 
are complicated, the general development of the cascade can 
readily be viewed in three ways: (1) component particles,
(2) atmospheric depth, and (3) time.
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a. Component Particles. The first mode of observa­
tion of component particles can be segregated into three types: 
nucleonic, mesonic, and electromagnetic, since there is little 
energy transfer among these components. The neutrons are pro­
duced predominantly by the nucleonic component since the 
cross sections for (e,n), (y,n), and (y,n) reactions are 
small while the (p,n) and (n,n) reactions have much higher 
cross sections. Since the muon interaction is slight, muons 
lose energy predominantly by ionization until they decay or 
bury themselves into the earth. The electrons and photons are 
mostly products of the cascade initiated by gamma rays from
n °  decays and by electrons from the y decays.

b. Atmospheric Depth. The components can also be
seen with depth in the atmosphere by showing how the relative
absorption lengths differ for the three components. The
relative intensities within these three components rapidly
change as the cascade propagates deeper into the atmosphere.
That is, at the top of the atmosphere the cosmic rays will
predominate, but as these primaries collide with the first 

_ 210 0 gm cm of upper atmosphere, the flux of secondaries
rapidly increase by several orders of magnitude. Deeper into
the atmosphere at the Pfotzer maximum (approximately 100 gm 

-2cm ), photon and electron fluxes greatly exceed all other 
particles. These photons and electrons are the products of 
the cascade shower initiated by high-energy gamma rays re­
sulting from the fast decay of n°'s and by relativistic 
electrons resulting from y decays. The photon-electron
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_ 2ratio is approximately two at 200 gm cm and decreases to
about one at sea level. The slight nuclear cross section,
along with the higher mass of the p allowing less radiation
loss relative to electrons and the relativistic time dilation,
allow the p to penetrate deeper into the atmosphere. Thus,
p mesons become relatively more and more abundant deeper in
the atmosphere, and at sea level they account for more than
half of the secondary charged particles. JI° and H* meson
fluxes are very low everywhere in the atmosphere because of

"15 "8their very short half-lives (-10 , -10 sec).
On the other hand, the protons are lost faster be­

cause of the final rapid energy loss by ionization. Neutrons
are rapidly reduced in energy by N and 0 collisions, whereby

14more slow neutrons are created which will finally lead to C
production because of high neutron absorption cross sections
which exist. Thus, neutrons are the least abundant species
relative to y's, e's, p's, and p's at any depth below 50 gm 

_2cm . The estimated component fluxes are shown at all depths 
in Figure 2.

c. Time Development. This cascade can also be viewed
in time. If a high-energy proton collides with a nucleus of
either nitrogen or oxygen at the top of the atmosphere, a
complex reaction occurs. If the target nucleus is treated
as a degenerate Fermi gas of neutrons and protons, in approx- 

-23imately 10 sec (-time for a pion to traverse nuclei at ve­
locity c) some of the peripheral nucleons and pions are direct­
ly emitted in the direction of the incident particle. The
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large majority of collisions are peripheral and, therefore, 
the incident nucleon retains a large fraction (-0-55) of its 
kinetic energy. The bulk of the recoil nucleons are ejected 
with energies less than 500 Mev regardless of increasing in­
cident particle energy above ~5 Gev. n° mesons emitted from
the original interaction are decaying at a rate, Ta ~ 10"2
sec. The energy imparted to some peripheral nucleons is then
distributed to the whole nucleus. This excess excitation
energy is finally released by proton, neutron, and alpha clus-

-15ter emission over a period of 10 sec. These are emitted 
isotropically in the c.m. system, which is essentially the 
lab system also. Evaporation theory also predicts the emitted 
nucleonic energy distribution to be:

N (e) dE = KE cr(E) exp (-E/6) dE

where 0 = 2 Mev is the nuclear temperature after particle
emission, N(E) is the number of nucleons produced per second
from (E) to (E + dE). Such a distribution is Maxwellian. The
neutrons and protons emitted in the evaporation stage will
range from 1-10 Mev and are isotropic in both the center of
mass and laboratory systems. n1 mesons are now also decaying
at about 10 sec to generate muons and neutrinos.

The cascade also develops by secondary interactions.
Initial high energy nucleons continue to produce more nucleons
and pions by interacting with another nucleus every 70-80 gm 

_2cm of atmosphere traversed. Pion production ceases when the 
incident particle energy is reduced to less than 3 50 Mev, the 
pion threshold. For example, a 10'*''*' ev primary will directly
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interact, on the average, nine times, each of these interac­
tions producing both direct knock-on and evaporation particles 
to form the cascade.

Most muons will survive their decay mode long enough 
to reach the bottom of the atmosphere. These very penetrating 
particles were originally called the "hard" component of the 
cascade. The n °  will quickly (10 sec) decay to produce 
two gamma rays, which in turn are converted into electron- 
positron pairs, developing an electromagnetic cascade. The 
high energy electrons produce X-rays by bremsstrahlung, also 
contributing to the electromagnetic cascade. Deeper in the 
atmosphere, and therefore, at lower energies, the gamma rays 
Will produce Compton electrons.

Thus, from experimental measurements, the three com­
ponents of nucleons, muons, and electrons will reach a

- 2maximum intensity at 100 gm cm and from there decrease ex­
ponentially with increasing depth of the atmosphere, but with 
different absorption lengths for the components.

On the other hand, the exact theoretical method to 
treat the entire atmospheric cascade, which was physically 
described above and which is simple in concept, has only been 
solved for special cases. It never has been solved in a 
closed, general form (Olbert et al., 1957).

From this discussion we see that the neutrons produced 
by the cosmic-ray flux are of two types: direct knock-on and
evaporation neutrons. The energy range of knock-ons is 10-100 
Mev while the more intense (Gol'damskic, 19 58) evaporation 
neutrons range from 1-10 Mev. Since the knock-on neutrons fol­
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low the direction of the incident primary, the angular dis­
tribution of these secondary, high energy neutrons should 
have an angular distribution over the entire lower hemisphere, 
being predominately downward. Conversely, the more intense, 
lower energy evaporation neutrons are emitted isotropically 
everywhere throughout the atmosphere.

Now, let us consider the transport of these secondary 
neutrons within the atmosphere.

4. Transport of Cosmic-Ray Secondary 
Neutrons in the Atmosphere

The theoretical problems involved in calculating the 
flux, spectrum and angular distribution of secondary neutrons 
leaking out of the atmosphere are as difficult as the exper­
imental problems in measuring them. These difficulties arise 
for three reasons. First, there are two different sources 
of secondary neutron production within the atmosphere: evap­
oration neutrons (1-10 Mev) and knock-on neutrons (10-100 
Mev). The energy spectra of these two sources are quite dif­
ferent. Second, the secondary neutrons in the atmosphere are 
scattered by two different, energy-dependent modes: elastic
scattering (En < 10 Mev) and inelastic scattering (En > 10
Mev). Third, the transport of neutrons differs with depth

-2inside the atmosphere. For depths greater than 100 gm cm , 
the diffusion approximation used in the Boltzmann equation is
valid. Near the top of the atmosphere, at depths less than

-2 .100 gm cm , the diffusion approximation is not valid. This
imposes theoretical difficulties.
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Although the Boltzmann transport equation is a valid 
theoretical approach, it is usually untractable because there 
is a large number of independent parameters, such as energy, 
time, position, and directional cosines. Hence, some simpli­
fying assumptions must be made. The simplest approach is to 
neglect the time and angular dependence, thereby reducing 
the Boltzmann equation to the simpler scalar diffusion equa­
tion. Now, although the equation is solvable, the results 
will, of course, only be valid under the initial diffusion 
approximation. This is a low energy (E < 10 Mev) approxi­
mation and is not applicable within the first few mean free 
paths from the atmospheric boundary. The first attempt to 
solve this problem for atmospheric neutrons was made by 
Bethe et al. (19 40). The calculation was correct within its
assumptions and served to initiate the experimental measure­
ments and the more refined theoretical calculations made in 
the next twenty years.

The next significant advances were really only im­
provements to the diffusion calculations which could be made 
by using computer techniques. More exact experimental meas­
urements of the source spectrum within the atmosphere helped 
to better define the source function. Hess et al. (1960) 
pioneered in both the experimental and theoretical work.
Later the calculations of Hess et al. (19 61) were refined by 
Lingenfelter (1963a) using more accurate neutron source spec­
tra within the atmosphere. Lingenfelter (19 63b) also in­
cluded the solar-cycle variations in the cosmic-ray neutron
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production rate and the latitude dependence of the source 
function. But again, since the intrinsic diffusion approx­
imation was used, the results are inaccurate near the most

-2important region of the atmosphere, x < 100 gm cm , and are 
also limited to the less important energy region, < 10 Mev. 
Newkirk (1963) tried a different theoretical approach: the

numerical solution to the transport equation. The 
method, as developed by Carlson and Bell (1958), is based on 
difference equation techniques which can be solved for this 
type of problem only on large computers. Newkirk's ap­
proach used an angular source distribution derived from the 
nitrogen cloud chamber experiments of Miyake et al. (19 57). 
Although the diffusion approximation was not used in this Sn 
method, Newkirk did not extend the calculations to above the 
"top" of the atmosphere so that the neutron leakage could be 
determined. The neutron energy was limited to En < 20 Mev. 
There is, however, some evidence (Haymes, 1964) that it is 
the most accurate calculation available throughout the entire 
atmosphere (see Figure 3).

Actually, theory and experiment have "boot-strapped" 
each other in solving this problem of the source for the 
particles in the belts. Hence, the current theoretical sta­
tus is now limited by a lack of reliable, high-energy experi­
mental measurements within the atmosphere. In particular, the 
experimental values for En > 10 Mev are not reliable and no 
conclusive directional measurements within and above the at­
mosphere have been made. More high energy data are also
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needed for neutron cross-sections for nitrogen, oxygen, and 
carbon as inputs to the theoretical calculations. And the 
calculations must be extended to En > 100 Mev, both within 
and above the atmosphere.

The computations to calculate the flux and spectrum 
of the geomagnetically trapped protons resulting from the 
decay of this neutron spectrum are much more straight for­
ward and reliable (Hess, 19 59; Dragt et al., 19 66; Hess et 
al., 1966). The main difficulty arrises from a lack of accu­
rate knowledge of the atmospheric mass density (p(x)) as a 
function of altitude at high altitudes (Dragt et al♦, 1966).

5. "Leaky Bucket" Model

Let us now review current efforts to derive the 
steady-state radiation belt assuming that a proton source 
distribution has been calculated from the extrapolated neu­
tron spectrum. In order to build up a steady-state radiation 
belt, we must have loss processes or sinks in addition to 
particle sources. There are three loss mechanisms for inner 
trapped protons: inelastic nuclear collisions (E > 300 Mev),lr
scattering from oxygen upon mirroring (E < 100 Mev), andP
charge exchange with hydrogen (E < 100 kev). Thus, the spec-P
trum of the inner belt protons produced by neutron 6-decay 
can now be calculated from the conservation of particles, 
using the continuity equation in energy space (Singer, 19 58; 
Hess, 1962). We can write

= ^NCB)/e)t N (.&) d E'/d't.)/

— — L i ( ^ ) + " (&) df /d'fc-}/c)E
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dN Ce)/dt - O

where N(E) = equilibrium proton density energy spectrum,
S(E) = source spectrum for protons, and L(E) = loss term for 
protons by all mechanisms. For equilibrium, dN(E)/dt = 0. 
This equation can be solved for N(E) to give the proton flux. 
The proton flux (̂E) is related to N(E) by

4> (E) = V  N (E) .

This use of the continuity equation has been referred 
to as the "leaky bucket" model because the input rate must 
equal the output (or leak) rate for equilibrium. Van Allen 
et al. (19 59) have suggested that this "leaky bucket" model 
may be carried one step further to calculate the average 
lifetime of a particle in the belts, t . Since the input 
rate equals the output rate, which equals the contents di­
vided by t (where the contents of the belt can be obtainedJ P
both experimentally and theoretically), can be determined.

Using this simple model Hess (1962) derived the final 
trapped proton spectrum by assuming a neutron leakage and 
compared this to a measured proton spectrum. There is no 
arbitrary normalization involved and there are no adjustable 
parameters in the theory. Thus, the final comparison of ex­
periment and theory is direct (Freden and White, 1962) as 
shown in Figure 4.
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CHAPTER IV

THE DIFFICULTIES OF FAST NEUTRON DETECTION

1. Neutron Detection - General Methods

A major portion of the problem of making a definitive 
experimental measurement to determine the secondary neutron 
decay population rests strongly upon the problems of detecting 
a small flux of fast neutrons. Therefore, we review briefly 
the methods of fast-neutron detection.

The direct interaction of a neutron with matter can 
only occur by virtue of its two main physical parameters: 
either wavelength (momentum) or magnetic dipole moment.

The wavelength can only be efficiently used with 
oriented matter having a comparable lattice spacing. Thus, 
neutron diffraction is limited to energies of less than 1 ev 
and is, therefore, of no interest in fast-neutron detection.

The weak magnetic moment of the neutron (M) can be 
used to generate Cerenkov radiation, although normally one 
considers this only for charged particles. It can be applied

• « “V “Vto neutron detection by considering J = V x M as the current
density. The expression for Cerenkov radiation is cos 0 =

“1(fln) I where 0 = angle between 3 and the direction of radia­
tion, 3c = velocity of neutron, and n = refractive index of
medium. Therefore, the minimum velocity is (cn)+\  The mini-

2 2mum kinetic energy is 1/2 m e n  3 325 Mev. Although this
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is outside the fast-neutron range, it is useful to note this 
method has the unique characteristic of an efficiency in­
creasing with energy. Yet, the direct interaction of fast 
neutrons with matter has not been used for detectors.

Let us next consider the multitude of indirect methods, 
all of which depend upon nuclear interactions. In order to 
organize this vast array let us further classify them into 
two types: inelastic and elastic collisions.

Inelastic collisions may further be subdivided into 
negative Q and positive Q reactions, where the final particle 
must be charged to permit direct detection. The negative Q 
type of inelastic reaction will usually occur when the value 
of Q lies within the range of the incident fast-neutron spec­
trum because of the Coulomb barrier for the emitted, charged 
particle. Since this can at best serve only as a threshold 
detector and not effectively as a full range energy resolver, 
we will neglect this class of reaction.

The positive Q type of inelastic detections are more 
useful because they do not possess the threshold limitation. 
Again, we need only consider the (n, charged particle) reac­
tions. Some inelastic, positive Q reactions are the following:

(1) Li6 (n,a) T + 4.78 Mev
(2) He3 (n,p) T + 0.76 Mev
(3) CD h-
> O (n,a) Li^ + 0.48 Mev y + 2.30
(4) „32 ">• P22 + p _ 0.93 Mevn + s - Si29 +o< + 1.16 Mev
(5) n + K39 - A39 + p

-* Cl36 + <̂  + 1.36 Mev
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6Li sandwich detectors, because of the final parti­
cles being of approximately equal mass, are severely limited

3 10by their poor energy resolution. He and B detectors are
gaseous and therefore very limited in efficiency by their

3 10low relative density. If He or B detectors are moderated, 
they cannot extract the spectrum. Hence, they can serve only 
as counters. The "Hornyak Button", a detector including both 
proton recoil detection and the sulphur reaction, is a semi- 
transulcent molded mixture of silver activated zinc-sulphide 
and plastic. This detector is hampered by a non-smooth, very 
low efficiency function (< 0.2%). The potassium reaction, as 
used in the KI (Tl) scintillator, is limited by a low pulse 
height response resulting in poor energy resolution. Thus, 
all of these reaction-based detectors are inefficient for a 
fast neutron detecting system.

The disadvantages of the neutron induced inelastic 
collisions can be realized by considering the (v- )̂ law 
(Evans, 19 55) for cross sections and by comparing their cross 
sections to that of an elastic collision. For the elastic 
collision we will choose that reaction which will realize the 
greatest energy transfer from neutrons - the (n-p) elastic 
collision.

From Figure 5, two important factors are evident 
that subject all inelastic neutron detectors to a tremendous 
disadvantage with respect to the elastic reaction (n-p). 
First, the neutron cross section in the energy range 1-10 Mev 
is roughly ten times greater for the (n-p) elastic collision
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than it is for any inelastic reactions. Second, the slope 
of the reaction cross section changes markedly over the 
neutron energy range 1-10® ev. The (v law for the reac­
tion cross section will change the neutron efficiency by 
three orders of magnitude between thermal and fast-neutron 
energies. This sensitivity to thermal neutrons in the un­
moderated, reaction detectors is troublesome when measuring 
fast neutrons in the presence of an appreciable background 
of lower energy neutrons. In contrast, the cross section of
(n-p) is much more constant over the same energy range and

3larger at En >10 ev.
There are other factors that must be considered 

which again favor the (n-p) detector. In any detecting sys­
tem the determining factor is the macroscopic cross section 
(n a) as a function of neutron energy, where n = number of 
effective nuclei per cubic centimeter. Hence, the density 
of compounds of the various nuclei that can be produced must 
be considered. One finds that Li®, He^, atoms cannot
technically be introduced into a scintillating medium to great­
er than a few percent of the host scintillating atoms, where­
as atoms have been introduced into the organic scintillators 
to greater than 50%. Therefore, the (n-p) detector is better 
by at least a factor of 10 as far as the nuclei density is 
concerned. Then, this factor is to be multiplied by o, which

3is also larger by a factor of 10 in the energy range >10 ev. 
Thus (n a) is larger by a factor of 100 for a hydrogenous or­
ganic detector.

i
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So far in this comparison we have only considered 
scintillators. What about other techniques? Gaseous de­
tection schemes are always less efficient because the den­
sity of nuclei is less than in solids by at least 100.
Neutron detectors using reactions based on Li®, He"*, B^, 
and with detection of the associated charged particle by 
means of a semi-conductor have been developed. Since the
semi-conductor detector is actually only effective within its

_ 3depletion thickness (< 10 cm), this method is inefficient 
unless the detector has a large area, which then becomes 
costly.

Thus, we realize that out of the myriad of possible 
detection schemes the (n-p) elastic collision stands out as 
being far superior on the basis of efficiency alone. In ad­
dition, the scintillating detection method for the associated 
charged particle is also efficient. In summary, the selection 
of a hydrogenous scintillator as a fast-neutron detector was 
based upon the following reasons. First, the (n-p) cross 
section is essential constant over the fast neutron energy 
range. Second, the (n-p) cross section is ten times greater 
than any other nuclear cross section in the fast neutron 
energy region. Third, the percent of nuclei which can be 
introduced is about ten times greater. Finally, the effective 
volume of the scintillating detector can be greater.

2. Neutron Detection - Specific Methods

Although the organic scintillator has a rather con-
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stant efficiency, there are some difficulties. Intrinsically 
the organic scintillators have three specific difficulties, 
any one of which could make them ineffective for measure­
ments of the cosmic-ray secondary neutrons: high charged-
particle efficiency, high gamma-ray sensitivity, and a com­
plex convolution process to extract the neutron spectrum.
Each of these problems will be briefly discussed in light of 
the measurements to be discussed and the associated environ­
ment for the detector. More details are presented in the 
appendices.

The high charged-particle efficiency is an immediate 
problem for this application since the charged-particle flux 
in space is much higher than the neutron flux. This can be 
seen in Figure 2. Here the electron and proton fluxes are 
approximately a factor of 100 higher than the neutron flux 
within the atmosphere. This charged-particle sensitivity 
cannot be directly suppressed without eliminating the neutron 
efficiency.

An anticoincidence shield system which completely 
encloses the central neutron and gamma-ray detector is used 
to identify incident particles as either charged or neutral. 
Thus, the measured neutron spectrum should closely represent 
the true neutron flux in the atmosphere or in space. Extreme 
precaution must be taken to reject charged particles which 
produce neutrons or gamma rays in the sensor system. The 
contributions from locally produced neutrons or gamma rays 
can make appreciable contributions to the total counting rate.
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Ordinarily, a large 411 shield is not used because 
many photomultipliers are required to detect a minimum ion­
izing particle interacting anywhere in the system. It is 
also difficult if the photomultipliers are within the 4n 
shield because the shield size becomes large enough to be 
count-rate limited. The large number of photomultipliers 
is required because flat-faced tubes are attached to the sur­
face of the scintillating shield. Under such conditions 
there is a rapid loss in signal strength for events at large 
distances from the photomultiplier. This attenuation can be 
seen in Figure 6 where the photomultiplier signal is plotted 
as a function of the distance along the light path from the 
tube to the light source. If the phototube design is changed 
to place a photocathode in the direct light path rather than 
being so located that light must be diffuse-scattered into the 
tube, the loss in signal strength for distant events is re­
duced considerably. Consequently, we chose a hemispherically- 
faced photomultiplier which could be inserted directly into 
the light path as shown in Figure 7.

The 4It shield system can be considered as a large 
light pipe which emphasizes the importance of total internal 
reflection and adiabatic curvatures. The simplest practical 
system is two mating hemispheres with only one hemispherical 
photomultiplier inserted into each scintillating dome. These 
two sections are connected by a short cylindrical section. It 
is required that minimum ionizing charged particles that pass 
through any part of the shield be detected. Since, for minimum



28

ionizing events, the energy loss in traversing the shield is 
directly proportional to the shield thickness at the point 
of entry, we can make the thickness variable to compensate 
for light losses between the scintillation event and the 
photomultiplier. In this design the shield thickness is ap­
propriately greater at larger distances from the phototubes. 
Hence, the particle generates a greater light signal at larger 
distances from the photomultipliers to properly compensate 
for the light attenuation. Since this would require a surface 
too complicated to be fabricated easily, a simple workable 
solution is to offset slightly the centers of curvature of 
the inside and outside surfaces of the hemisphere (Figure 7).

To use such a 4 n  shield system to the fullest ad­
vantage, the associated electronics should include parallel 
summing and coincidence circuits as shown in Figure 8. This 
unusual precaution eliminates the important case where a high- 
energy charged particle enters the system, interacts within, 
but does not exit.

Further, this totally enclpsing charged particle
—  8shield has very fast time response (< 10 sec). We can then 

use this shield in coincidence (as well as anticoincidence) 
with the inner detector. This will permit the separate meas­
urement of both the neutral particle spectrum and the charged 
particle spectrum within certain prescribed energy limits. 
Therefore, this simple scintillating shield completely elimi­
nates the charged-particle sensitivity and yet does not pro­
duce any detectable local secondary particles to disturb the
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sensitive measurements. The detailed design for this shield 
(St. Onge and Lockwood, 1968) is shown in Appendix A.

The high gamma-ray sensitivity of the organic scin­
tillators can be used advantageously if a pulse-shape dis­
criminator (PSD) (St. Onge and Lockwood, 1967) is incorpor­
ated into the system which will separate neutrons from gamma- 
ray events. Since the gamma-ray count rate is much greater 
than the neutron count rate, the PSD must be very effective 
and reliable. If such discrimination is possible, the gamma-
ray spectrum can also be extracted simultaneously. However,

12organic scintillators also contain carbon, and the C (n,a)
Be^ (threshold 6.17 Mev) and (n,n') 3a (threshold 7.98
Mev) reactions will produce secondary internal alpha particles 
(Graves and Davis, 1955; Howerton, 1958; Mossner, Schmidt, and 
Schintlmeister, 1966; Al-Kital and Peck, 1963; Chatterjee and 
Sen, 1964; Kopsch and Cierjacks, 1967; Huck and Walter, 1968). 
This must also be considered in deducing the neutron energy 
spectrum.

The PSD must be effective to separate alphas from 
recoil protons and Compton scattered electrons produced by 
gamma-ray interactions. The number of internally produced 
alphas can be as large as 10% of the number of recoil protons 
in the fast neutron energy range. For fast-neutron detectors 
the system must separate all three types of secondary particles. 
Since no such system was available, a multiparticle PSD system 
was designed (St. Onge and Lockwood, 1968).

The PSD developed has the following characteristics:
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high multi-particle resolution (M~3)*, wide dynamic range 
(1 < En < 30 Mev), simplicity, passiveness, stability, high 
count rate capacity (> 50 kHz), minimum weight (< 20 grams) 
and low power consumption. This system simultaneously ex­
tracts the separate gamma-ray, neutron, and alpha-particle 
pulse-height spectra. There is some evidence that muons are 
also separated as shown in Figures 9 and 10. The detailed 
description of the PSD is presented in Appendix B.

A complex convolution process is necessary to obtain 
the incident neutron or gamma-ray particle spectrum. In 
general, a mono-energetic input flux does not produce a sim­
ple line-spectrum response from the detector. This occurs 
for many interdependent reasons. The most prominent reason 
is the basic elastic collision process of the incident neutron 
with a proton of the organic scintillator. It is equally 
probable for the neutron to transfer to the proton any energy
from 0 to E . This is exact only if the differential scat- n
tering cross section is independent of the scattering angle 
(i.e., isotropic) in the center of mass frame. Such an ap­
proximation is good (< 2% error) for En < 10 Mev and fair
(< 10% error) for 10 < En < 30 Mev (Fowler and Brolley, 19 56; 
Hess, 19 58; Marion and Fowler, 1960). Therefore, such pure 
elastic scattering produces a recoil proton spectrum that is 
a simple rectangular distribution.

* M is defined as the separation of the two peaks (e,p) di­
vided by the sum of the full-widths at half maximum (St. Onge 
and Lockwood, 1968).
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However, in any actual proton recoil pulse spectrum 
this simple rectangular response is distorted by several 
second-order effects: statistical fluctuations in the scin­
tillation process and photomultiplier, deviations from iso­
tropic n-p scattering cross section, multiple scattering by 
carbon and non-elastic processes in the scintillator, edge 
effects, nonlinearity of scintillator light output vs energy 
for heavy charged particles and directional asymmetry of 
scintillator output (Schwarz and Zefterstrom, 1966).

The problem of spectrum unfolding with this complex 
response has been treated in the literature in many ways.
We believe that this can be logically organized in two ways. 
The first, an historical approach, is a simple theoretical 
unfolding assuming only single scattering and pure elastic 
collisions. The second, and more recent method, assumes 
that the actual physical processes are very complex and 
avoids the direct assault of this difficult problem. Instead, 
the detector system is "calibrated" with a range of mono- 
energetic neutron sources to obtain the response of the sys­
tem. In retrospect, this separation of the development of 
the two methods of "unfolding" or understanding are familiar 
to many areas of physics. Initially, microscopic tools have 
been used to treat one or more aspects of a given problem; 
but as the inter-relationship of these aspects increased, the 
macroscopic view was found more fruitful. In particular, the 
description of the response of a given atomic or nuclear sys­
tem to an external stimulus has proved to be both a practical
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as well as theoretically elegant formulation. Both methods 
will be discussed in this thesis.

3. Microscopic Unfolding Methods

a. First Order Approximation. The first order re­
lationship between the resultant experimental recoil proton 
spectrum and the incident neutron spectrum is straight for­
ward. This is valid if the scintillator size is such that 
the probability of a second n-p scattering is small and that 
few recoil protons leave the scintillator. Since these as­
sumptions depend upon both energy and scintillator size, the 
size must be carefully chosen for the particular neutron 
energy range. Assuming this criterion to be realistic,
Staub (19 38) has derived the recoil proton spectrum, which 
is the starting point for all microscopic unfolding methods.

co

d w , / « i e r - S \ ^ . « i . ) V f  r*"' ( d N n / d  £■„)<)£,
e ?  1

where En is the neutron energy and is the proton energy. 
dNp^dEp is the number of recoil protons per unit proton en­
ergy interval per second and dNny^En is the number of neu-

2trons per unit neutron energy interval per cm -second inci­
dent upon the scintillator. f(En,L) is a factor to compen­
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sate for the attenuation of the neutron flux in the scin-
3tillator, n„ is the number of hydrogen atoms per cm , andn

is the n-p scattering cross section. is the volume ofXI
the scintillator, L is the thickness of the scintillator, 
and ET (En) is nHoH <En) + nc oc <En>.

Now solving for dNn/dEn by differentiating with 
respect to E^, and recalling that

el
' F(.V

X

we have

f^P,D - [i - (- SrCe-p; Lj]/L £,(**> i<3 .
Rearranging and solving for dNn/dEn,

W»(W/J£ 11 \ - e x ?

•(??« <  iB») V e v ) '1
If we correct for the non-linear light function, L(E ),

Jr
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b. Second Order Corrections. There are six impor­
tant corrections (> 3%) to the first order unfolding model 
as outlined.

1. Statistical Fluctuations. The correction neces­
sary because of the limited resolution of the detector to
a delta function input is serious only in the case of a 
line spectrum. However, since the unfolding processes dis­
cussed here are assumed to be applied to a continuous dis­
tribution, this correction is unnecessary.

2. Deviations from Isotropic n-p Cross Sections.
This approximation as indicated previously is less than 2%
for E <10 Mev, and less than 10% for 10 < E <30 Mev. n ' n
As a simple correction for this error, we will use the av­
erage center of mass cross-section at each energy interval 
to reduce the error to < 5%.

3. Scattering from Carbon Nuclei. The corrections
due to neutron-carbon interactions depend upon the energy
region. For neutron energies below the threshold energy of
about 7 Mev the only effect is the elastic scattering of
neutrons from carbon. The maximum energy transfer possible

— 2.in this process is a 4A(A+1) = 28%. More importantly, the 
light output from such carbon nuclei recoils is extremely 
small. Therefore, we will neglect this correction. At high 
energies (E^ > 7 Mev) several charged-particle reactions be­
come important. The most probable reactions are alpha parti­
cle emitters (i.e., C^^ (n,oO Be^ and C ^  (n,n')3oO. This 
effect can be large. In fact, in this experiment the alpha
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contribution would require approximately a 10-20% correction. 
But since the PSD effectively separated these alpha particles 
from the protons, no correction is required. We feel this 
is a most important aspect of the multi-particle PSD system 
used in this experiment.

4. Second Scattering and Wall Effects. As a cor­
rection for second scattering and escape effects in cylindri­
cal scintillators, Broek and Anderson (19 60) derived the 
following correction factor:

F = L ~  Q -1 8  ^i) 1 4- G C"*"

+ 0.077 Nh V- V  &  (0.068e*)

where Lis the scintillator thickness, r is the scintillator 
radius, Rp(max,En) is the maximum range of a proton at En, 
and N is the number of hydrogen atoms in the scintillator.
The second term is a correction for wall effects, and the 
last two terms are corrections for second scattering. Di­
viding the derived neutron spectrum by this correction fac­
tor eliminates most of the error from second scattering and 
wall effects. This correction is a minimum when the scintil­
lator thickness is

. a______ 0.78 R„ (man, £71) Hu________
+ (o. o y 7 / z ) < 5 /i p . o & g  e -^)

for the case where the diameter equals the thickness.
Since this second-order correction can only be zero 

for a given scintillator size at only one energy, we must cor-
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rect neutron spectra extending over a wide energy range.
5. Nonlinearity of Scintillator Light Output. The 

correction for nonlinearity of light output is a serious 
correction for which an exact expression is available as 
shown in Figure 11 (Verbinski et al., 1968).

6. Directional Asymmetry of Scintillator Output.
The correction necessary because of a non-isotropic scintil­
lator, as in the case of stilbene, can be as much as 15%.
In this experiment we chose a liquid scintillator to reduce 
this correction to a negligible amount. The directional 
asymmetry of a NE213 organic scintillator is less than 2%.

4. Macroscopic Unfolding Methods

2A neutron spectrum dNn/dEn (neutrons/cm -sec-Mev) 
will induce a pulse height distribution of dNT/dL (number1j
of pulses/unit pulse height-sec). These two distributions 
are related as indicated in the previous section. That is,

d H u / j i  =  f  £ ( e » j K C £=„,*,)(<)Nr,

• L

where e(En) is the efficiency of detector at En , and K(En,L) 
is the response kernal of the detector. The difference now 
is that the response function is not the simple function 
assumed previously in the unfolding techniques by micro­
scopic methods with pure elastic collisions. Recall that 
in the microscopic method derived by Staub (19 53) we had
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taken K(En) = En This was, in reality, both the advan­
tage and difficulty of the microscopic method. The asset 
was that the simple function (En is not also a function of 
Ep or L. This allowed a simple derivative to be obtained
with respect to E .P

Although this simple function provides a solution, it 
is limited by the assumption of pure elastic scattering. The 
(En form derived by Staub assumed a flat differential 
cross section in the center of mass system. This is not 
exactly true for En > 10 Mev and is the reason for the many 
necessary corrections in the earlier simple, pure elastic 
mode. The macroscopic method avoids this difficulty and 
determines K(En , L) by an accurate calibration procedure. 
First, let us return to the macroscopic formulation (Brun- 
felter, Kockum and Zetterstrom, 1966),

Ev (max)

dHk/AU = ̂  /4 F„)c! C* .
This can be transformed into the equivalent matrix formu­
lation by incorporating the entire response or kernal into 
one matrix, (R):

(JMi/Juj /.JB)
where

). = J L
A
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O  Q  — 1
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To reemphasize the situation, we have a direct but vague
formulation of the neutron distribution (dN /dE ) producingn n
a light pulse distribution (dN /dL),

To obtain the neutron spectrum (dNn/dEn) from this matrix 
equation/ many routes have been developed in the current 
literature. Most methods involve a computer-obtained inverse

( |?J'( i \ f a )

Although this appears simple, the real difficulty is the prop­
agation of the statistical errors or noise which are present
in every element of both (dNr/dL) and (R). These normallyLi

small errors (< 5%) are vastly amplified in the matrix in­
version and are really the crux of the problem in this method. 
For example, to emphasize the importance of the error ampli­
fication, Bock and Lanahan (1966) find that:

of the response, (R) This allows the direct extraction
of (dNn/dEn):

<=■/§■ * rT/JJi
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where 7 is the average error in elements of the unknown neu­
tron spectrum and s is the average error in elements of the 
known pulse distribution. N is the total number of counts 
in the pulse distribution and n° is the maximum number of 
resolvable energy lines. In the case of 64 energy channels 
used, from which we could allow n° ~ 30 and assume N = 10^, 
we obtain a 470% error from a *5% error in (s). Thus, this 
inversion method can only be used where the special condi­
tions allow the experimentalist to place very small errors 
on the elements of the matrices. Since the experimental 
results of this thesis have errors of the size shown in the 
above error analysis, we feel another route must be devised 
that avoids the matrix inversion.

A macroscopic method which avoids the error ampli­
fication introduced because of the matrix inversion will 
now be discussed. We will examine the problem of unfolding 
a matrix equation of the form: L(Jl̂ ) = R (En, (En) ,
where L(A^) is the resultant measured output light pulse 
spectrum, R (En , is the measured detector response opera­
tor, and $(En) is the input neutron spectrum. The operator 
R(En/ i.̂) can be related to the differential efficiency 
e(En) of the detector,

£  * e i e » ) .
a

We must, in general, assume that each element of both (L) 
and (R) have an associated error. Because of this error,
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any involved analytical operations used to unfold the equa­
tion in solving for 4> will introduce an error amplification.
In this regard, the error amplification introduced with the 
multiplication operation is greater than with the addition 
operation. Thus, we must always minimize the number of opera­
tions, especially the multiplication operations. We feel 
that for the albedo neutron spectrum this unfolding can be 
very simply carried out by an iterative method in which the 
first iteration is simply derived from the microscopic meth­
od discussed earlier or a physical argument of the spectral 
form. This macroscopic method can be used for any type of 
input spectrum which is a superposition of discrete and con­
tinuous spectra. Since in this application the macroscopic 
method has not disclosed any discrete spectra, we will limit 
further discussions to continuous spectra, although both 
could be handled with the same technique.

Haymes (1964), Mendell and Korff (1963), Holt, Men- 
dell and Korff (196 6), and Baird and Wilson (19 65) have 
found the atmospheric neutron distribution to be of the 
form 4> (En) = AE-X. The measured range of x was (1.05 <_ 
x <_ 1.42). There is some indications that the spectrum 
4>(En) may be the sum of two such terms.

ft (e„) * ^

With the use of the measured response function R, 
we can directly compare the light pulse spectrum vector l 
without involving any unnecessary analytical manipulations
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which would introduce error multiplications. This can be 
accomplished as follows:

- C  / L a -- ( n . 1 -  Z } . ) / f > $ 0 C £

where e is the minimum fractional deviation and 4>q is a 
trial spectrum. Successive iterations with different $o's 
will expose a best fit to the measured light pulse vector; 
thus producing the desired neutron spectrum from a bounded, 
best fit scheme.



42

CHAPTER V 

THE EXPERIMENTAL SYSTEM

The experimental system necessary to measure the 
neutron energy spectrum in the atmosphere was developed 
from the two basic sub-systerns previously discussed: the
two-parameter pulse shape discriminator (PSD) and the anti- 
coincidence charged-particle shield. Many additional sub­
systems were devised to compliment these without degrading 
each other. This was necessary because the separation of 
the different particles (electrons, protons, and alphas) by 
the PSD could be obliterated by any unstable intermediate 
electronic system. Therefore, the overall stability of the 
preamplifiers, amplifiers, linear gates, delays, pulse height 
analyzers (PHA), and high voltage supplies integrated in the 
system had to be better than 2% over the temperature, pressure 
and voltage excursions anticipated in the balloon flight. The 
preflight thermal radiation calculations used to design and 
predict the behavior of the detector in flight are given in 
Appendix C.

Of prime consideration in the system was local second­
ary neutron production from the apparatus which could be de­
tected by the neutron sensor. The effects of local produc­
tion were reduced in two ways. First, the system was physical 
ly separated into two pieces; the nearly bare detector was 
located 2.75 m above all additional apparatus. Second,
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the detector was surrounded with the minimum mass of material
- 2necessary to provide thermal insulation (0.7 gm cm of 

urethane foam). As a result of these precautions, contami­
nation from local neutron production was calculated to be 
much less than one percent. These production calculations 
are in Appendix D.

1. The Neutron Detector System

The neutron detector is comprised of two subsystems: 
the surrounding charged-particle shield and the inner n-y 
detector. The shield design is calculated and discussed 
in the appendix. Nuclear Enterprises Ltd. fabricated the 
shield to our design specifications. Since the design was 
unconventional, we first had a prototype hemispherical section 
manufactured to test the material for warping and surface 
crazing. This prototype distorted approximately 1 to 2 mm 
from a true circle in a diameter of 30 cm. More importantly, 
regions of surface crazing were noted in the thinner sections. 
After consulting with Nuclear Enterprises Ltd., it was decided 
that the manufacturing (lathe-turning) sequence should be 
interrupted before the final dimensions were obtained. At 
this time the shield should be annealed to release the strains 
induced because a large mass of NE 102 was removed from the 
plastic casting. As a result of these precautions the full- 
size shield was found free of these undesirable effects.

The two photomultipliers (RCA-C70132A) were potted 
into shallow, accurately-contoured depressions in the shield
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with Sylgard 184 silicone compound. To insure a bubble-free 
interface, the shield and photomultiplier were immediately 
inserted into a vacuum chamber. A ten-minute sequence of 
evacuations to 1 mm Hg pressure followed by exposure to at­
mospheric pressure removed all observable bubbles. Finally, 
a thick aluminum foil was loosely applied to all surfaces to 
improve the light collection.

The n-y detector is a 4.60 cm x 4.65 cm diameter clear 
pyrex cell containing deoxygenated NE 213 organic liquid 
scintillator. A small expansion chamber was connected to one 
end of the cell by a thin capillary tube to allow for thermal 
expansion of the fluid. Although a small bubble in the chamber 
allowed for this expansion, it also presented other diffi­
culties. The bubble had to be confined to the expansion chamber 
since it could seriously change the light collection efficiency 
if it should move into the main cell. In order to avoid the 
bubble migrating to the lower main cell a small capillary 
tube was used to connect both chambers. In addition, we had 
to eliminate any effects varying the light collection because 
of the expansion chamber content changing with temperature 
or position. However, since these undesirable scintillations 
which occur in the expansion reservoir are optically coupled 
to the photomultiplier through the glass walls of the capil­
lary, we eliminated them by painting the reservoir with flat 
black absorbing paint. Since this eliminated the optical 
coupling of the reservoir scintillations, it also improved 
the energy resolution. The lower main cell was loosely
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covered with aluminum foil for better light collection and 
improved resolution.

241A small crystal (3 mm x 3 mm dia) of Nal (T1 + Am ) 
was optically coupled to the top of the cell with a bubble- 
free film of clear silicone compound. The characteristic 
light pulse from the decay of the Nal (Tl) scintillator ir­
radiated with alpha particles from the doped radioactive 

241Am was pulse shape discriminated. This was used to form 
a simple, but accurate, in-flight calibration (IFC) which was 
easily resolved from all other impinging radiation. By ma­
nipulating both the exact location and the effective crystal 

241size, the Am peak could be relegated to a vacant region 
of the two-parameter particle display as shown in Figure 12 
(St. Onge and Lockwood, 1968) .

Both the NE 213 cell and the IFC were viewed by one 
photomultiplier (RCA 8 575, 5 cm diameter). The interface of 
the cell and photomultiplier (PM) was a thin film of bubble- 
free silicone compound. The fast PM-base circuitry followed 
the concepts of Gibson (1966). The PSD was mounted on a 
small 5 cm diameter printed circuit board located on the PM 
base. The PM cathode was operated at a negative high voltage 
for two reasons. First, the noise of the dc high-voltage 
supply would not be directly applied to the signal output 
on the anode. Second, the 50J2, high-frequency output of the 
PM would not be degraded by the addition of a high-voltage 
connection. This allowed the PM anode to be properly matched 
for output impedence thereby resulting in a signal rise time
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-9of approximately 2 x 10 sec. This high-fidelity, high- 
frequency capability was important in maximizing PSD par­
ticle resolution. Although this optimized the PSD operation, 
it also presented a difficulty. The entire outer part of the 
glass PM assemble was at a high voltage. Consequently, a 
grounded, thin aluminum can surrounded and isolated the n-y 
detector. This can containing the PM was vacuum evacuated 
and then pressurized to two atmospheres with pure, dry SHg 
gas to insure a safe corona-free environment in flight.

In addition, this high-density gas proved to be a 
good thermal conductor to remove heat generated in the PM 
bleeder chain. Such an insulating gas system is better than 
silicone potting for high voltage protection. Previously, 
the large coefficient of thermal expansion of the silicone 
potting compounds combined with their very low thermal con­
ductivity broke several PM tubes. This was caused by the 
force exerted between the delicate PM pins from the expansion 
of the potting compound. This, in turn, was caused by its 
low thermal conductivity and the heat generated in the en­
closed bleeder chain. Such an insulating gas technique could 
be applied to both high voltage (dc-dc) converters and PM 
tubes for the charged particle shield. The elimination of 
the potting compound also reduces unnecessary masses of mod­
erating material very close to the n-y detector.

Since the detector was located 2.75 m above the rest 
of the equipment it was necessary to include voltage pream­
plifiers within the charged particle shield to drive the
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voltage pulse down the associated long shielded coax cables 
to the main electronics system. A temperature monitor and 
voltage monitor were located within the charged-particle shield.

2. The Electronics System

Figure 13a shows the complete electronics system. The 
two parameter (/Ldt x dL/dt) pulse height analyzer was de­
veloped from the one parameter system of Ewald and Sarkardy 
(1966). The only important change was to convert it to a 
logarithmic, two-parameter (64 x 64) analyzer. Logarithmic 
analysis was chosen because it was statistically desirable 
to have near equal counting probabilities in each neutron 
(/Ldt) channel bin. It also maximized the PSD particle iden­
tification realized from the limited number of channel bins 
(4096) since the resolution falls off approximately as E \  
Since the particle track trajectory was nearly a straight 
line on the log-log output plot, it allowed simple particle 
identification as shown in Figure 12. A large number of the 
analog and logic sub-systems required were obtained by mod­
ifying standard nuclear modulars (AEC-NIM). Although very 
bulky and power consuming, they provided adequate operation 
and avoided the time consuming engineering and testing. The 
electronics system contained both temperature and voltage 
sensors,

3. The Telemetry System

Although the transmitter was a conventional FM-FM 
type with 12 sub-carrier modulators, a special transmission



48

logic scheme was developed especially for the system. This 
was necessary because high data reliability had to be incor­
porated into the transmission coding and logic. Since the 
high energy neutron data rate is very low, normal atmospheric 
and man-made broad-band electrical noise rates can at times 
be much greater (i.e., lightening storms and arc welders).
This noise could add extra bits to words being transmitted 
and generate "new words". Thus, some error-rejection methods 
were necessary to assure reliability of the data. This was 
accomplished with three interrelated error detecting and re­
jecting concepts: parity bits, redundant out-of-phase double
transmission, and triple-delayed coincidence bits. A trigger 
bit preceded all valid transmission words. Since the infor­
mation to be transmitted was composed of two words from the 
bipolar binary output of the logarithmic two-parameter pulse 
height analyzer (dL/dt, /Ldt), each word of the pair contained 
6 binary bits (64 x 64) as shown in Figure 13b. Two identical 
pulse trains were transmitted on different sub-carrier fre­
quencies; one transmission was delayed in time by the width 
of one logic bit (200 y sec). Therefore, during the vulner­
able atmospheric flight time, the two logic transmissions were 
out of step with respect to corresponding bits. Consequently, 
a noise bit introduced during data transmission would not pro­
duce the same word in each transmission. After receiving the 
data the undelayed, prompt transmissions were also delayed by 
200 y sec in order to realign both transmissions. The data was 
then electronically checked for consistency in both transmissions
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by a simple coincidence demand between corresponding bits.
Each data word was also checked for parity as an extra pre­
caution. Data not meeting all reliability demands was rejec­
ted.

This unconventional error detecting and rejecting 
scheme proved to be necessary, reliable, and very simple.
In addition, six low-frequency subcarriers transmitted the 
following information: temperatures, voltages, scaled
charged-particle counts, scaled n-y counts, and scaled n, 
y, p , e counts.

4. The Ground Station Decoding System

The ground system was completely designed and built 
at the University of New Hampshire by Friling and Schow (1968). 
This system was designed to check all transmitted data for 
the three redundant reliability tests: proper parity, consis­
tent double transmission, and triple-delayed coincidence. Data 
which passed these tests were sent to either of two read-and- 
display systems: the modified core memory of a pulse height
analyzer (Nuclear Data, 512) or an incremental tape recorder 
(Digi-Data Corp.). The single-parameter 512 channel PHA was 
modified so as to store and read two-parameter (64 x 64) data. 
Data recorded on the incremental tape recorder was transferred 
to an IBM 360 computer. Both systems proved to be consistent 
and reliable. As an example of the ground station operation, 
we show in Figure 12 the raw data from the balloon flight at 
the altitude of the Pfotzer maximum. This is displayed on an
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IBM print-out sheet. Since the pulse height analyzer clock 
could really produce more than 64 channels for the larger 
pulses, this display shows the extension of both the neutron 
and gamma-ray tracks folded over onto the upper left side of 
the display. The /Ldt amplifier begins to saturate in channel 
67. Therefore, the integral counts above this pulse height 
are recorded in these saturated higher channels. We believe 
that this unconventional method of folding a 128 channel (7 bit 
x 7 bit), two-parameter pulse height analyzer is a very use­
ful technique. However, it is only unambiguous if the dif­
ferent particle tracks are parallel to each other and at an 
acute, constant angle to the ordinate. Consequently, the 
entire data tracks were "folded" into this much smaller 
region. This technique conveniently reduces the number of 
bits which are transmitted, decoded, and displayed while re­
taining the resolution of a system of four times the analyz­
ing area.

5. Environmental System Behavior

The detector with all electronics systems was subjec­
ted to both vacuum and temperature tests. The entire system 
was exercised while subjected to temperature excursions from 
-20°C to +50°C and pressure excursions from 1010 mb to 2 mb.
No significant operating variations were observed during 
these tests. Any variation was determined by three independ­
ent techniques. First, a precision pulser was used at the

241four preamplifier inputs. Second, the internal Nal (Tl, Am )
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22IFC was used. Third, the Compton edge and peak of Na and 
228Th were observed. All three tests showed a variation of 

less than 2% over the combined environmental excursions of 
vacuum within the temperature range of -20° to +30°C.

6. The Detector Calibrations

The system required four types of calibration. First,
the n-y detector had to be calibrated for energy. Second,
the two-parameter PHA response had to be measured for known
pulse heights. Third, the rejection efficiency of the
charged particle system had to be determined. Fourth, the
IFC had to be calibrated for counting rate and light yield.

The n-y detector was calibrated for energy with both
neutrons and gamma rays. Recoil proton pulse spectra from
both the (D ,D) and the(D,T) neutron reactions were recorded.

22 228Compton electron pulse spectra from Na , Th , and Am Be 
gamma-ray sources were recorded. All data were recorded on 
both a linear, 400-channel PHA and the two-parameter PHA for 
flight use. The raw data for the neutron and gamma-ray cal­
ibrations are shown in Figures 14a, 14b, 15a, and 15b.

For gamma rays the 3/4 peak-height channel (Keszthelyi 
et al., 1961) was used as the Compton edge, the energy of
which was calculated from the relation (Birks, 1964) E(Compton)

2= E (2a/l + 2a), where a = (E /m c ). For neutrons, the 1/2 y y e
peak-height channel was proportional to the maximum neutron 
energy. In order to determine any PM non-linearities and 
make the necessary corrections, the theoretical relation due
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to Birks (1951) was applied:

dL/dX = (S dE/dX)/[1 + (kB)(dE/dX)]

where for electrons (1-10 Mev) dE/dX is small and kB is much 
less than one. This simplifies the relation, L = S«E (Compton). 
However, in order to obtain this simple linear relation be­
tween the Compton energy (E) and the pulse height (L) for the 
PM used in our flight experiment, we had to correct for PM
non-linearities. We corrected for this slight non-linearity

22 228by using four well known discrete energies— Na , Th , Am Be, 
and (D,T) (Figures 14 and 15). The resulting correction for 
non-linearity is shown in Figure 16. After correcting for 
this non-linearity the results agreed with those of the Oak 
Ridge National Laboratory report of V. V. Verbinski et al.
(1968) for a similar cell of NE 213 (Figure 11).

The two-parameter, logarithmic PHA built for the bal­
loon flight had to be calibrated. An RC-shaped, precision 
pulse generator was fed in parallel to both the /Ldt and 
the dL/dt inputs of the PHA as well as to a linear, 400- 
channel PHA. The measured logarithmic relation between the 
flight PHA and the linear PHA is shown in Figure 17.

The effectiveness of the charged particle shield was 
tested with cosmic-ray secondary muons in the laboratory.
The shield was mounted between the two components of a muon 
telescope. Each component of the telescope consisted of a 
2.5 cm thick by 7.6 cm diameter NE 10 2 scintillator. Both 
the proper pulse-height range and coincident time difference
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(1 x 10“6 sec) were demanded upon events counted as mesons 
in the telescope. Under these conditions the relativistic 
muons produced a Landau pulse distribution in both components 
of the telescope. Any coincident event in the shield which 
was larger than the sum-coincidence voltage discriminator 
was regarded as due to a relativistic muon passing through 
the shield. During a continuous 80 hour test of the flight 
shield 1051 events were recorded in the muon telescope and 
1050 were recorded in the charged particle shield. Thus, 
the effectiveness of the shield is estimated to be -99.9%.
To obtain a more accurate measure of this rejection with cosmic- 
ray muons was considered to be both unnecessary and very time 
consuming. Such a test would require a three component, 
triple coincidence telescope to reduce the random chance 
coincidence rate (2N^ N2T  ̂* T^is would improve the reliabil-

4lty by a factor of 10 so that a rejection ratio of 1/1CT 
could be measured.

The possible leakage of charged particles through 
the shield was also estimated from the flight data. The 
n-y detector recorded counts from two types of logic re­
quirement: (n,y,p,e) counts and (n-y) counts. At Pfotzer
maximum during the flight (Figure 18) the following rates
were obtained (n,y,p,e) = 53.3 counts sec \  (n,y) - 14.8

-1 . 3 - 1counts sec , and charged particles 2.52 10 - counts sec
The ratio of the total area of the inner n-y detector to the
outer charged-particle shield was 2.3 2 percent. Since the
measured charged-particle count rate at the Pfotzer maximum
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3 - 1was 2.52 10 sec , we would expect the inner detector to be
-2subjected to maximum charged-particle count rate of (2.32 10

3 -1 -1x 2.52 10 sec ) 58.5 sec . The bulk of these would be
electrons for two reasons, First, there are approximately 
ten times more electrons than protons in the atmosphere 
(Figure 2). Second, at equal energies, the range of the 
electron is greater than that of the proton. Therefore, more 
electrons penetrate through the shield and the associated 
internal mass into the inner detector. During the balloon 
experiment the inner detector recorded (53.3 - 14.8) charged 
particles sec  ̂or 38.5 charged particles sec  ̂at the Pfotzer 
maximum. This rate is to be compared to the previously cal­
culated maximum charged-particle count rate on the inner de­
tector of 58.5 charged particles sec ■*". The difference or 
loss of particles is the result of absorption by the mass of 
the shield and inner components. The counting rate from the 
possible ineffectiveness of the charged-particle shield can 
also be estimated.

3Taking the measured shield leakage of 1/10 , the
-3inner detector will receive (10 x 38.5) charged particles

-1 -2 -1 sec or 4 x 10 charged particles sec . However, since
the n-y count rate was 14.8 sec the overall contamination
is only 0.04/14.8 or ,27 percent, the majority of which is
due to electrons. We feel this error is acceptable relative
to other errors in the experiment.

The two-parameter (/Ldt x dL/dt) IFC pulse spectrum
is shown in Figure 19 along with the background of neutrons
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and gamma rays detected at Pfotzer maximum. The correspond­
ing one-parameter /Ldt pulse spectrum of the IFC is seen 
from Figure 20 to be composed of two peaks. The location 
of these peaks on the two-parameter PHA output constitutes 
a simple but accurate monitor of the stability of the sys­
tem. A peak shift of one logarithmic PHA channel would 
constitute a gain change of 3.7 percent along the (/Ldt) 
axis and 3.7 percent along the (dL/dt) axis. The IFC meas­
ured count rate was 3.4 sec Any significant change of 
this measured radioactive-decay rate serves as an indicator 
of system difficulties such as dead time limitations.
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CHAPTER VI 

MEASUREMENTS AND RESULTS

1. Introduction

6 3The system was flown on a 5 x 10 ft balloon 
launched from Palestine, Texas (geomagnetic coordinates 
41° 521 N, 49 ° 39' W) at 5:18 C.D.T. September 7, 1968 . The 
gondola was composed of two packages: the first contained
the detector (47 lbs) , and the second, all other electronics 
and battery supplies (315 lbs). The detector package was 
about nine feet above all other packages to reduce local 
secondary production effects from degrading the results. The 
flight trajectory is shown in Figure 21. A graph of the al­
titude pressure profile as a function of time is shown in 
Figure 22. Data was collected for approximately 11 hours, 
after which the flight was terminated and the package re­
covered in good operating condition.

From a detailed examination of all recorded data, it 
was discovered that the twisting of the balloon during the 
flight had caused a break in one signal lead running from 
the detector to the electronics box. This may have caused 
the failure of the anticoincidence logic associated with the 
charged-particle shield. Fortunately, the system operated 
satisfactorily through the Pfotzer maximum, which provided 
sufficient data on the first balloon flight to evaluate the 
neutron detecting system.
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The uncorrected (/Ldt, dL/dt) data obtained from 16.4 
K ft to above the Pfotzer maximum is shown in Figure 12. It 
can be seen that the PSD system separated, in addition to 
IFC pulses, three different pulse shapes corresponding to 
electrons, protons, and alpha particles. All three types of 
charged particles are the result of neutral particles inter­
acting with the organic scintillator. The Compton electrons
arise from gamma-ray interactions with atomic electrons, the

12 12recoil protons are produced by H (n,p)n' and C (n,p)B
12 9 12reactions, and the alpha particles by C (n,ot) Be and C

{n,nt)3a reactions. Each of these secondary charged particles
will be considered in deriving the neutron spectrum at the
Pfotzer maximum.

From the raw data obtained from 16.4 K ft to 40 K ft
and from 40 K ft to 63 K ft, shown in Figures 23 and 19, we
wish to extract only the recoil-proton counts per channel.
However, because the statistics involved are poor, we combine
these two figures by adding the corresponding counts in each
/Ldt x dL/dt bin, the combined data being shown in Figure 12.
We are now able to separate more reliably the proton data or
"track1' from the other data (e, a, IFC). After determining
the proton distribution in Figure 12, we return to Figures
23 and 19 and separately extract from the same regions of
(/Ldt, dL/dt) as determined from Figure 12 the respective
proton~count spectra. These are shown in Figures 24a and
24b. Although these two spectra differ in intensity by a
factor of 2.54, they are similar in spectral shape within
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statistical uncertainties. This can be ascertained by com­
paring Figures 23 and 19. Therefore, we have added them 
together to obtain the better statistics shown in Figure 24c. 
These are the data from which we will subsequently determine 
the neutron energy spectrum.

Since the data is now an average over a large altitude 
change, we need to scale this average counting rate to the 
counting rate at a specific altitude. The most relevant 
altitude within the range is that corresponding to the 
Pfotzer maximum (53.2 K ft, or ~100 mb). In order to deter­
mine the appropriate scale factor between the average count 
rate measured from 16.4 K ft (541 mb) to 63.0 K ft (62 mb) 
and the count rate at the Pfotzer maximum, we used the 
average (n,y) scaled count rate at 100 mb obtained from the 
number 14 subcarrier (Figure 13a) minus 3.4 IFC counts per 
second. This was compared with the average (n,y) count rate 
obtained from the recoil-proton, Compton-electron, and alpha- 
particle total counts in Figure 12 divided by the integration 
time for Figure 12 of 49 minutes.

<C>

where C' is the n, y, a, IFC count rate measured from sub­
carrier 14 (Figure 13a) and Cip(_, is the measured IFC count 
rate of 3.4 counts/sec. <C> is the average count rate de­
rived from Figure 12. <C> is the total of all counts minus
the total number of IFC counts in Figure 12 divided by the 
total accumulation time in Figure 12 of 49 minutes.
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Since this is an involved procedure, we will show 
more details. The total number of counts in Figure 12 is 
41,221. This is made up of 10,068 IFC counts, 28,468 y 
counts, 2,001 n counts, 202 a counts, and the remainder (482) 
represents counts in the saturation channels (/Ldt > 63) and 
noise. Therefore, the average count rate <C> between 16.4 
K ft to 63.0 K ft not including the IFC counts is: (41,221 -
10,068)/49 x 60 or 10.6 counts/sec. This will be compared 
with the count rate at Pfotzer maximum measured with the on­
board n,y scaled (*20) count-rate scalars C^, 18.6 counts/ 
sec. However, since 3.4 counts/sec of this rate is due to 
the IFC (CIF^,we first must subtract 3.4 counts/sec from the
18.6 counts/sec or (C’ - CIFC) is 15.2 n-y counts/sec.

Thus, the ratio R of these two n-y count rates is 
[R = (C * - CIFC)/<C>] (15.2/10.6) or 1.42. Therefore, if 
we assume the ratio of gamma rays to neutrons remains con­
stant between 16,4 K ft to 63.0 K ft, we can use a scale 
factor of 1,42 to shift the averaged data derived from 
Figure 12 to that expected at the Pfotzer maximum.

With data in Figure 12, the measured average ratio 
of Compton-electron events to recoi1-proton events was 
(28,468/2001) 14.2. The corresponding ratio of secondary 
alpha-particle events to recoil-Proton events was (202/2001) 
0.10.

2, Measurements

The IFC (/Ldt pulse) spectra extracted from Figures 
23 and 19 are shown in Figure 27 for two consecutive ~24
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minute time intervals from 16.4 K ft to above the Pfotzer
maximum. Two important types of information are obtained
from these IFC data: two-parameter gain stability and
counting rate stability. There are two small interdependent
corrections required before these two stabilities can be
used. These are the changes in the analyzer dead-time due
to the external counting rate changes, and the shifts in the
spectrum from the Compton electrons produced by atmospheric

241gamma rays incident upon the small Nal (TS,, Am ) IFC 
crystal. Since these effects are compensating and each 
amounts to less than 3%, they were neglected.

The recoil-proton /Ldt-pulse spectrum extracted from 
the flight data previously shown in Figure 12 is plotted in 
Figure 24. Since all recoil proton spectrums from 16.4 K ft 
to Pfotzer maximum were similar in shape as shown in Figure 
28, we added them to improve statistics and scaled all final 
data rates to those measured at the Pfotzer maximum. The 
composite spectrum shown in Figure 24 included all the proton 
recoil data from 16.4 K ft (541 mb, 5:36 D.C.T.) to 63.0 K ft 
(62 mb, 6:25 C.D.T.). The different particle separations 
shown in Figure 12 readily allowed an unambiguous separation 
of electrons from protons. Closer examination of the upper 
right-hand side of Figure 12 showed that alpha particles 
could be separated from recoil protons.

The alpha particles produced in the scintillator for 
this same integrated period of 49 minutes were extracted 
from Figure 12 and are shown separately in Figure 25. Al­
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though the alpha particle-proton interface of Figure 12 was 
not as distinct as the proton-electron interface, we believe 
that sufficient separation was realized in Figure 12 to 
justify the plot shown in Figure 25.

The Compton-electron /Ldt-pulse height spectrum for 
the same 49 minute period was also obtained from Figure 12 
and is shown in Figure 26. This Compton-electron pulse 
spectrum was clearly separated in Figure 12 from the recoil- 
proton pulse spectrum.

An important overall consideration is the very dif­
ferent spectral shape and intensity of the pulse spectra for 
a-particles, protons, and electrons in Figures 24, 25, and 
26. This difference is conspicuous between the Compton- 
electron and recoil-proton data. The significance of this 
difference and its relationship to the PSD resolution neces­
sary will be discussed later.

3. Results

The IFC pulse spectrum was extracted from Figures 23 
and 19 and is shown in Figure 27. The /Ldt gain change was 
calculated from Figure 27 to be less than 3 percent. This 
represents an upper limit to the minimum observable shift in 
the centroids of the two peaks.

The IFC was also used to check for any count-rate 
dead-time limitations. This was done by integrating the 
IFC pulse height spectra of Figure 27 and comparing it to 
the measured preflight IFC count rate of 3.4 + 0.1 counts
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sec The integrated flight count rate was also 3.4 + 0.1, 
where the error reflects the inaccuracy of the total inte­
gration time for Figure 27 (i.e., 4 9 + 1  minute). Therefore, 
we believe that any dead-time effects must be less than 3 
percent.

The recoil-proton /Ldt pulse spectrum of Figure 24 
was used to derive the neutron energy spectrum. The un­
folding details are given in Appendix E. The recoil-proton 
energy spectrum scaled to the measured rate at Pfotzer 
maximum is given in Figure 28 and the unfolded incident 
neutron energy spectrum in Figure 29. The neutron spectrum 
could not be simply represented with the normal power law of

—  ftdN/dE = BE with B and g remaining constant over the entire 
neutron energy range of 3 Mev to 20 Mev. However, for com­
parison with other research we have calculated the value of 
B and 8 as a function of neutron energy. These are summarized 
in Figure 3 2 for the flight data near the Pfotzer maximum.

The secondary alpha particle energy spectrum was un­
folded from the data in Figure 25 and is given in Figure 30.
The spectrum was scaled to the count rate measured at the 
Pfotzer maximum.

From the pulse height spectrum of Figure 26, we un­
folded the Compton-electron energy spectrum in Figures 31a, 31b. 
This energy spectrum is uncorrected for the electron range.
Since this is a serious correction which is not completely 
understood, we will not attempt to unfold the incident 
gamma-ray spectrum. However, the influence of the electron-



recoil spectrum on the proton-recoil spectrum is important 
and will be discussed later.



64

CHAPTER VII

CONCLUSIONS AND DISCUSSIONS

The energy spectrum of fast neutrons at the Pfotzer
maximum is not a simple power law of the form: dNn/dE =
B E  with B and 0 remaining constant over the entire neutron
energy range of 3 to 20 Mev. In particular, the slope of
the neutron energy spectrum is a function of energy, 0 (E).
However, as an approximation to this power law spectrum we
f i n d  t h a t  t h e  ra n g e  o f  t h e  s l o p e  0 (E) o f  t h e  n e u tr o n  e n e r g y

spectrum is 4.1 + 0.5 at 3 Mev and smoothly decreases to
1.2 + 0.5 at 20 Mev. No statistically significant change
in spectral shape with respect to atmospheric depth was
measured from 541 mb to 62 mb.

The i n t e g r a t e d  n e u tr o n  f l u x  a t  P f o t z e r  maximum

between 3.5 Mev and 10.0 Mev was calculated to be 0.36 
2neutrons/cm -sec.

Now, let us compare these results with other experi­
mental values. Mendell (1963) determined the neutron

2energy spectrum at 90 K ft (17.7 gm/cm ) to be dN^/dE =
2.6 E ^ ^  ‘ exp - (0.0069X) neutrons/cm2-sec-Mev, where

2X is the atmospheric depth in gm/cm . The Pfotzer maximum
2was observed at 75 gm/cm and the attenuation length was

2determined to be 145 + 6 gm/cm . This measurement was made 
at a geomagnetic latitude of 53° on June 22, 1962. Although 
this observation was at a different geomagnetic latitude 
than ours (42°), we can convert their measurement to 42° by
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the use of Figure 1 of Lingenfelter (1963) for the solar 
minimum, cosmic-ray neutron production. We find that the 
latitude conversion factor for the flux from 53° to 42° is 
-0.56.

In addition, the correction due to the change in 
flux with solar cycle on the flight day must be included 
(Sept. 7, 1968). The relative Mt. Washington neutron mon­
itor rate was 2102, whereas in the 1954 or 1965 solar mini­
mum the rate was 2505 (Lockwood, 1968). Therefore, the re­
lated fractional decrease in the high-energy cosmic-ray flux 
as indicated by the Mt. Washington neutron monitor was about 
16%. The fractional decrease in the neutron leakage flux 
due to the solar cycle change was estimated from Table 1 
of Lingenfelter (1963) at 40° latitude for the energy 
range 1-10 Mev as 0.76. Thus, the overall solar cycle de­
crease for the fast neutron flux in the atmosphere was 
(0.76 x 0.16) -12%.

These two effects of latitude and solar cycle can 
be applied to the neutron flux of Mendell. This will in­
volve a change by a factor of (0.56) (1-0.12) = 0.49.
Therefore, the spectrum of Mendell is dNn/dE = (0.49) (2.6)
E (1*16 i 0*2) eXp _ (0.0069X) neutrons/cm^-sec-Mev after 

conversion to the solar cycle and latitude conditions of 
our flight. The original, uncorrected spectrum of Mendell 
at 1962 is shown in Figure 34 as the solid curve and the cor­
rected curve is shown as the dotted curve.

In order to compare the results of this thesis to 
those of Mendell we- have calculated the flux which we measured
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in the overlapping energy region. The flux from 3,5 Mev 
to 10 Mev for Mendell's flight is Cl.15) CO.49) ?= .56 
neutrons/cm^sec after conyersion to '42° latitude and to 
the effective solar cycle of Sept. 7, 1968. The correspond­
ing neutron flux for our Sept, 7, 1968 measurement at 42°

2latitude was 0.36 neutrons/cm -sec. The difference in these 
two flux measurements is about 50%, our measurement being 
about 60% of Mendell1s value.

Consequently, there appear to be some definite 
disagreements with respect to both the spectral shape and 
flux. However, since the measurements of Mendell were made 
at an altitude of 90 K ft while our measurements were taken 
at less than 63 K ft, some difference may be attributed to 
a change in spectrum shape with altitude above the Pfotzer 
maximum or some experimental difficulties may be present 
in either experiment. In order to check for any change in 
spectrum shape with altitude below the Pfotzer maximum, we 
found that there was no statistically significant difference 
in shape between 15.4 K ft to 63.0Kft. However, we have no 
measurements above 63.0 K ft. We believe that some of the 
very difficult experimental problems to be overcome in 
atmospheric fast-neutron measurements are the main reason 
for the differences.

The f i r s t  s u c h  p ro b lem  i n v o l v e d  i n  su c h  e x p e r im e n t s  

i s  t h a t  o f  a r e l i a b l e ,  h i g h - r e s o l u t i o n  p u l s e  s h a p e  d i s c r i m i n ­

a t o r  t o  s e p a r a t e  gamma r a y s  and n e u t r o n s . The c o u n t  r a t e  o f  

gamma r a y s  i n  our m easu rem en ts  was a f a c t o r  o f  - 1 4 . 2 g r e a t e r
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than that of the neutrons in the energy range goye^ed. Wore 
importantly, since the Compton-recoil pulse-spectrum (Figure 
26c) is much harder and more intense than the recoil-proton 
pulse spectrum (Figure 24c) any difficulties in PSD particle 
identification will certainly result in a harder, more 
intense neutron energy spectrum, In particular, for the 
measurements of Mendell at 9Q K ft the ratio of garnma-ray 
counts to neutron counts was 2/1, while the ratio at 63 K ft 
for our experiment was 14.2/1. Since the absorption lengths 
for gamma rays and neutrons are approximately equal, we 
would expect the ratio of gamma rays to neutrons to be 
approximately independent of atmospheric depth. Therefore, 
this vast difference in the ratio of gamma rays to neutrons 
may be an experimental effect.

Another experimental difficulty is the reliable 
anticoincidence shielding of the neutron detector from the 
primary and secondary cosmic-ray charged particles. We 
found the approximate ratio of charged particles to neutrons 
in the same light pulse region to be ~40/l at the Pfotzer 
maximum. The pulse spectrum due to charged particles was 
measured to be very similar to the Compton-recoil pulse 
spectrum, i.e., a very hard, more intense spectrum compared 
to the recoil-proton pulse spectrum. Therefore, should a 
small fraction of the charged particles be allowed to pass 
through the anti-coincidence charged-particle shield without 
being gated-off, we would observe a more intense and harder 
pulse spectrum. In particular, the charged-particle
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ahielding provided by the phoswich technique may seriously 
reduce the effectiveness of the PSD. Figure 35 was repro­
duced from Mendell (1963) as an example of the phoswiching 
method for charged-particle shielding. A small fraction 
of the combination of charged particles and gamma rays may 
"leak" into the neutron channels as shown in Figure 35a.
Such an effect could produce a harder, more intense spectrum.

Another less serious experimental difficulty in 
such measurements is that of the neutron-produced secondary 
alpha particles. Since the single-parameter type of PSD 
(Mendell, 1963) systems cannot separate alpha particles 
from protons, a 10% excess from alpha particle contamina­
tion will be included in the recoil-proton spectrum again 
producing a more intense flux.

Although we believe there may be many possible ways 
in which measurements of neutron spectra may be seriously 
contaminated by"leakage" from gamma rays, charged particles 
and alpha particles, another difficulty may be that of 
recoil-proton spectrum unfolding. This difficulty is 
really introduced by the form in which others have approxi­
mated the neutron energy spectrum and/or the recoil-proton 
energy spectrum. We find that should we approximate either 
spectrum with a simple power law of the form dN/dE = AE a, 
the other corresponding spectrum will not also be a simple 
power law, but will have a non-constant slope B(E) with 
respect to energy. However, most investigators have
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assum ed t h e  s im p le  power law  a s  a p p l i c a b l e  s im u l t a n e o u s l y  

t o  b o th  t h e  r e c o i l - p r o t o n  and t h e  n e u tr o n  e n e r g y  sp e c tr u m  

( i . e . ,  H o l t  e t  a l . , 1966). T h u s, we b e l i e v e  t h a t  many 

i n t e r r e l a t e d  d i f f i c u l t i e s ,  ( i . e . ,  gamma r a y  " lea k a g e"  o f  

PSD, c h a r g e d  p a r t i c l e  " lea k a g e"  o f  p h osw ich -P S D  c o m b in a t io n ,  

a lp h a  p a r t i c l e  c o n t a m i n a t io n ,  and sp e c tr u m  u n f o l d i n g  p r o ­

c e d u r e s )  a l l  com bine t o  p r o d u ce  a more i n t e n s e  and h a r d e r  

"neutron" e n e r g y  sp e c tr u m .

We find the slope of neutron energy spectrum to vary 
with energy. Since the neutron energy spectrum shows a con­
tinuous flattening with increasing energy from 3 to 20 Mev, 
we believe that the theoretical extrapolations of the high- 
energy albedo-neutron leakage flux beyond the energy range 
of the measurements is extremely unsound. Consequently, 
since we have found that the neutron-leakage energy spectrum 
becomes harder with increasing energy, the fraction of high- 
energy neutrons decaying to produce protons in the magneto­
sphere may be larger than previously indicated by theory 
(Lingenfelter, 1963) and experiment (Mendell, 1963).
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CHAPTER VIII 

SUGGESTIONS FOR FUTURE WORK

Although there are many problems in making reliable 
high-energy albedo-neutron measurements, some simple sug­
gestions are apparent.
1. Two-parameter PSD analysis allows more reliable particle 

separations (M̂   ̂ = 3) and multiple-particle separation 
(i.e., e, p, ot).

2. Since the low count rate of the 2 inch x 2 inch neutron
detectors in the fast neutron energy region yields poor
statistics in the normal experiments, the scintillators 
should be increased to 3 inch x 3 inch to improve the 
count rate by a factor of -2.25.

3. Two such 3" x 3" cells mounted on separate PM's and 
placed within a dome-type charged-particle shield could 
be used as a directional neutron detector. The system 
would also effectively work in the normal, uncorrelated 
spectral mode to measure the neutron energy spectrum.
The directional coincident events need only be disting­
uished as gamma rays or neutrons and as either moving 
upward or downward. The necessary logic is easily ac­
complished. No difficult measurements of energy by means 
of time-of-flight need to be made.

4. A ballooning technique to maintain a sequential series
of increasing equilibrium altitudes hsould be developed 
to allow more time at various intermediate altitudes.
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This might be accomplished by beginning the balloon 
flight with a great excess of ballast and sequentially 
dropping some ballast to maintain a stepped series of 
new "float” altitudes. Such a novel ballooning technique 
coupled to a directional neutron detector would yield more 
accurate albedo-neutron leakage flux determinations with 
respect to altitude. Curves such as those obtained by 
Haymes (1964) and reproduced in Figure 3 would allow 
extrapolations of the albedo-neutron leakage flux to be 
more reliable. This would also boot-strap the theoreti­
cal approximations involved in using the Boltzmann trans-

2port theory beyond -.100 gm/cm near the upper edge of
the atmospheric boundary.

125. Should more accurate C (n,a) cross-sections become
a v a i l a b l e ,  we b e l i e v e  t h e  tw o -p a r a m e te r  PSD m ethod o f

extracting the secondary alpha particle spectrum cuased 
12by C (n,a) reactions could be effectively used to com­

pliment the normal n,p mode and go to much higher neu­
tron energies,

6. Combinations of alkali-halide and organic scintillations 
could be optically coupled to one PM and be two-parameter, 
pulse-shape discriminated simultaneously for different 
particles as well as for different scintillators. This 
might allow one to extract a high-resolution neutron 
spectrum and a low-resolution, Compton-recoil gamma-ray 
spectrum from the organic while at the same time to ex­
tract the correlating high-resolution gamma-ray spectrum
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from the adjacent alkali-halide crystal, each with op- 
/

timum resolution, yet each complimenting and confirming 
the other.

7. A small fast-neutron, two-parameter PSD system should 
be jettisoned or separated from a larger "mother" 
satellite or placed at the end of a boom to reliably 
measure the neutron leakage flux in orbit.

8. All neutron-gamma ray atmospheric PSD measurements 
should be pre-calibrated with the use of high-energy 
gamma rays (Ê  > 10 Mev) and high energy charged par­
ticles (atmospheric relativistic muons) to ascertain both 
the PSD identification and the reliability of the charged- 
particle shielding.
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APPENDIX A

A T o t a l  E n c l o s i n g  A c t i v e  C harged P a r t i c l e  S h i e l d *

R. N. S t .  Onge and J .  A. Lockwood  
U n i v e r s i t y  o f  New H am pshire  

P h y s i c s  D epartm ent  
Durham, New Hampshire

In  o r d e r  t o  m easu re  a c c u r a t e l y  t h e  n e u tr o n  and 

gamma-ray f l u x e s  a t  t h e  t o p  o f  t h e  a tm o s p h e r e ,  i t  i s  

n e c e s s a r y  t o  su r r o u n d  t h e  n e u tr o n  and gamma-ray d e ­

t e c t o r  w i t h  an a n t i c o i n c i d e n c e  c h a r g e d - p a r t i c l e  s h i e l d .  

S i n c e  t h e  r a t i o  o f  t h e  n e u t r o n  o r  y - r a y  f l u x  t o  t h e  

c h a r g e d - p a r t i c l e  f l u x  i s  s m a l l ,  t h e  s h i e l d  m ust b e  v e r y  

e f f e c t i v e  (> 99.9%) i n  r e j e c t i n g  minimum i o n i z i n g  c h a r g e d  

p a r t i c l e s .  For a s e r i e s  o f  b a l l o o n  f l i g h t s  we h a v e  d e ­

s i g n e d  a 4n a c t i v e  c h a r g e d - p a r t i c l e  s h i e l d ,  w h ich  o p e r ­

a t e s  i n  a n t i c o i n c i d e n c e  w i t h  t h e  e n c l o s e d  n e u tr o n  d e ­

t e c t o r .  N e u tr o n s  a r e  s e p a r a t e d  from y-rays  i n  t h e  in n e r  

d e t e c t o r  by a s im p le  p u l s e - s h a p e  d i s c r i m i n a t i n g  (PSD) 

c i r c u i t  ( S t .  Onge and L ockw ood, 1 9 6 7 ;  S t .  Onge and  

Lockw ood, 1 9 6 8 ) .  The e n t i r e  s h i e l d  h a s  a minimum t o t a l

m ass f o r  t h e  g i v e n  i n t e r n a l  vo lu m e and u s e s  o n ly  two  

p h o t o m u l t i p l i e r s ,  b o th  l o c a t e d  w i t h i n  t h e  volum e o f  t h e  

a c t i v e  s h i e l d .  The a d i a b a t i c  l i g h t  p i p i n g  c o n c e p t s  u se d  

i n  t h e  s h i e l d  t o  m in im iz e  t h e  l i g h t  a t t e n u a t i o n  from  un­

n e c e s s a r y  c o r n e r s  i n s u r e s  e x c e l l e n t  c h a r g e d - p a r t i c l e

* A c c e p te d  f o r  p u b l i c a t i o n ,  N u c l . I n s t ,  and M e t h . ,  1 9 6 8 .
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rejection. Only simple logic circuits are required in
3the associated electronic system for count rates -10 

sec
The general shape and size of the dome are indi­

cated in the left of Figure 7. Two hollow plastic scintil­
lators (NE102), which are hemispherical sections, are op­
tically mated with a hollow cylindrical section of the same 
material. A photomultiplier (RCA C70132A) with a curved 
photocathode is optically potted into the inside of the 
top section, with the same arrangement in the lower half- 
section. The effects of both total internal reflection 
(TIR) and specular reflection (SR) are successfully com­
bined in the shield design. TIR is first used to gather 
the scintillation light falling within the acceptance 
angles defined by Snell's law. Second, SR from the crink­
led aluminum foil, loosely wrapped around the entire dome, 
rechannels to the photomultiplier that light failing to 
meet the initial TIR critical angle. Diffuse white paint 
is applied directly to the outside of the dome areas near 
each PM to diffusely scatter more light into the PM cathodes.

The outputs from the two photomultipliers are fed 
separately into parallel sum and coincidence logic to im­
prove the signal to noise ratio as shown in Figure 8. This 
insures operation under the worst situations where particles 
do not traverse entirely through the dome, i.e., enter but do 
not exit. Two such extreme situations will be described. First,
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i f  a c h a r g e d  p a r t i c l e  p a s s e s  th r o u g h  t h e  dome w a l l  n e a r  

e i t h e r  PM, t h e r e  w i l l  b e  a v e r y  l a r g e  s i g n a l  g e n e r a t e d  

a t  t h e  PM. H ow ever, t h e r e  may b e  no d e t e c t a b l e  s i g n a l  

a t  t h e  d i s t a n t  PM. T h u s , t h e  c o i n c i d e n c e  c i r c u i t  w ou ld  

p r o b a b ly  n o t  be  t r i g g e r e d .  On t h e  o t h e r  h a n d ,  t h e  sum­

m ing c i r c u i t ,  w h ic h  i s  f o l l o w e d  by a v o l t a g e  t h r e s h o l d  

d i s c r i m i n a t o r  w i l l  r e c o g n i z e  t h e  v e r y  l a r g e  s i g n a l  (n ea r  

PM) added t o  t h e  v e r y  s m a l l  s i g n a l  ( d i s t a n t  PM). T h is  

l a r g e  s i g n a l  i n  t h e  summing c i r c u i t  t r i g g e r s  t h e  a s s o ­

c i a t e d  lo w e r  l e v e l  d i s c r i m i n a t o r .  Such an e v e n t  w o u ld  

n o t  be  r e l i a b l y  d e t e c t e d  i n  t h e  norm al c o i n c i d e n c e  l o g i c .  

The s e c o n d  e x tr e m e  s i t u a t i o n  w i l l  o c c u r  when a p a r t i c l e  

e n t e r s  t h e  c y l i n d r i c a l  s e c t i o n  a b o u t  e q u i - d i s t a n t  from  

t h e  tw o p h o t o m u l t i p l i e r s  and g e n e r a t e s  s m a l l , a p p r o x i ­

m a te ly  e q u a l ,  s i g n a l s  i n  t h e  tw o p h o t o m u l t i p l i e r s .  H en ce ,  

t h e  lo w e r  l e v e l  d i s c r i m i n a t o r s  b e f o r e  t h e  c o i n c i d e n c e  

c i r c u i t ,  w h ich  h a v e  b e e n  s e t  a t  a lo w e r  l e v e l  th a n  f o r  

t h e  summing c i r c u i t ,  a r e  s i m u l t a n e o u s l y  t r i g g e r e d  t o  

g e n e r a t e  a c o i n c i d e n c e  g a t e .  In  t h i s  l a t t e r  s i t u a t i o n ,  

t h e  summing n e tw o r k  may a l s o  s u p e r f l o u s l y  g e n e r a t e  a 

s i g n a l  from  i t s  a s s o c i a t e d  lo w e r  l e v e l  d i s c r i m i n a t o r .  

H ow ever, i n  t h i s  c a s e ,  d e f i n i t i v e  g a t i n g  i s  p r o v id e d  by 

t h e  c o i n c i d e n c e  c i r c u i t .

O th e r  e v e n t s  p r o d u c e d  by p a r t i c l e s  n o t  t r a v e r s i n g  

t h e  dome w i l l  b e  a c o m b in a t io n  o f  t h e  ab ove  two e x tr e m e  

c a s e s .  F or m o st  c a s e s  w h ere  t h e  c h a r g e d  p a r t i c l e  p e n e ­

t r a t e s  c o m p le t e l y  th r o u g h  t h e  dome t h e  g a t i n g  i s  p r o v id e d
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by t h e  c o i n c i d e n c e  l o g i c .  Then, t h e  summing c i r c u i t  p r o ­

v i d e s  re d u n d a n c y .

T h is  d e s i g n  i s  b a s e d  e s s e n t i a l l y  upon t h e  s h i e l d  

t h i c k n e s s  b e i n g  c o m p e n s a t in g ly  g r e a t e r  a t  l a r g e r  d i s t a n c e s  

from t h e  p h o t o t u b e s .  c o n s e q u e n t l y , th e  p a r t i c l e  p r o d u c e s  

an a p p r o p r i a t e l y  l a r g e r  s i g n a l  f a r t h e r  from t h e  p h o t o t u b e s .  

F u r t h e r ,  t h e  l i g h t  i s  a d i a b a t i c a l l y  g u id e d  t o  c o n c e n t r a t e  

upon t h e  s m a l l  r e g i o n  o f  th e  PM c a t h o d e .  To p r o v i d e  t h i s  

l i g h t  g e n e r a t i n g  c o m p e n s a t io n ,  and y e t  f a c i l i t a t e  manu­

f a c t u r i n g ,  t h e  c e n t e r s  o f  c u r v a t u r e  w ere  o f f s e t  f o r  th e  

i n n e r  and o u t e r  s p h e r i c a l  s u r f a c e s .  For an i n i t i a l  d e s ig n  

c r i t e r i o n  we ca n  w r i t e :

Sum v o l t a g e  p u l s e s  = V(PMi) + V(PM2 )

= f  j (X) g x (X) + f 2 (X) g 2 (X) = H,

w h ere  X = d i s t a n c e  (cm) a lo n g  t h e  l i g h t  p a th  from t h e  

p a r t i c l e  e n t r y  p o i n t  t o  t h e  p a r t i c u l a r  PM.

<3i (X) = t h i c k n e s s  f u n c t i o n  f o r  p a r t i c l e  e n t r y  a t  Xx,

£
1 (X) = a t t e n u a t i o n  f u n c t i o n  f o r  l i g h t  t o  t r a v e l  

from X} t o  PMj,

H ® a c o n s t a n t  in d e p e n d e n t  o f  X.

M d t h e  a t t e n u a t i o n  was ta k e n  t o  be:

f(X ) = K e x p ( - X / 2 0 ) , s o  t h a t  t h e  t h i c k n e s s

f u n c t i o n  g(X) = f ( X ) " 1 * K” 1 e x p ( X / 2 0 ) .
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This function for a single PM is plotted in 
Figure A-l over the necessary range of X. Then as a first 
approximation for the thicknesses in the dome of a 25 cm 
diameter, the necessary ratio of the maximum to the mini­
mum thickness was taken as -3/2. This is one-half the 
ratio shown in Figure A-l because two PM's are summed in 
the flight unit. Since the size of the PM cathode required 
a minimum dome thickness of about 1.11 cm for adequate 
strength near the PM, the maximum wall thickness at the 
center section must be about 1.59 cm, which is accomplished 
by a center offset of 0.48 cm as shown in Figure 7.

After construction of the shield, the experimental 
response (i.e., the attenuation function for a constant

241source intensity) of a single PM to the position of an Am 
Integral Light Pulser (Harshaw Chemical Corp.) was measured 
to be approximately:

f(X) - 1.18 exp(-X/2) + 0.15 exp(-X/50)

as shown in Figure A-l. The added first term in f(X) is 
related to the initial rapid change with X of the solid 
angle subtended by the source at the PM, neglected in the 
original design. The second term exp(-X/50) is the nor­
mal exponential light attenuation of the curved material.

Based upon this measurement, we can improve the 
original design. Howeve,r since the exact inverse of 
f(X) is not a simple function, it is difficult to machine 
the shield to conform to f(X) But as a best



a p p r o x im a t io n ,  t h e  r a t i o  o f  maximum-to-minimum t h i c k n e s s  

c o u ld  be  made e q u a l  t o  t h e  f r a c t i o n a l  l o s s  by t r a n s m i s s i o n  

f o r  t h e  n e a r - t o - t h e - f a r  l i g h t  p a t h s .  From F ig u r e  A - l  t h i s  

i s  5 . 2 ,  w h ic h  i s  t w i c e  t h a t  f o r  two PM 's. T h u s, th e  

s e c o n d  g e n e r a t i o n  o f  c h a r g e d - p a r t i c l e  s h i e l d s  t o  b e  b u i l t  

s h o u ld  h a v e  a maximum t h i c k n e s s  o f  2 . 8 8  cm w i t h  a minimum 

o f  1 .1 1  cm w h ich  can  b e  o b t a in e d  by a c e n t e r  o f f s e t  o f

1 . 7 7  c m ,a s  shown on t h e  r i g h t  s i d e  o f  F ig u r e  7 .

Some n-Y d e t e c t i n g  s y s t e m s  h a v e  u se d  o n e  p h o t o ­

m u l t i p l i e r  t o  v ie w  b o th  t h e  n -y  d e t e c t o r  and t h e  c h a r g e d -  

p a r t i c l e  s h i e l d .  Such a s h i e l d  o n l y  e n c l o s e s  t h e  n -y  

s c i n t i l l a t o r  a g a i n s t  s e c o n d a r y  p r o d u c t io n  and n o t  t h e  

a s s o c i a t e d  PM o r  e l e c t r o n i c s .  A p u l s e - s h a p e  d i s c r i m i n a t i o n  

(PSD) c i r c u i t  s e p a r a t e d  n e u t r o n s  from  y - r a y s  i n  t h e  in n e r  

d e t e c t o r  and a p h o s w ic h in g  t e c h n iq u e  (W i l k i n s o n , 1 9 5 2 ;  

M en d e ll  and K o r f f ,  1963) g a t e s  o f f  t h e  n -y  d e t e c t o r  when­

e v e r  a c h a r g e d  p a r t i c l e  p a s s e d  th r o u g h  t h e  t h i n  p h o sw ic h  

s h i e l d .  W ith  su c h  a sc h e m e ,  i t  i s  v e r y  d i f f i c u l t  t o  p r o ­

v i d e  t h e  n e c e s s a r y  h i g h - r e s o l u t i o n ,  unam biguous s c i n t i l ­

l a t i o n  l i g h t  t o  t h e  PSD s y s t e m  w h ich  i s  r e q u i r e d  t o  

s e p a r a t e  t h e  n e u tr o n  and gamma-ray s p e c t r a  (M e n d e l l  and 

K o r f f , 1 9 6 3 ) .  S c i n t i l l a t i o n s  i n  t h e  p h o sw ic h  ( c h a r g e d -  

p a r t i c l e  s h i e l d )  and i n  t h e  i n t e r n a l  s c i n t i l l a t o r  from  

n e u t r o n s  and y - r a y s  becom e o p t i c a l l y  m ix e d .  I t  i s  th e n  

d i f f i c u l t  t o  decom pose t h e  l i g h t  c o m b in a t io n s  t o  d i s ­

t i n g u i s h  t h e  n e u t r o n s  from  t h e  y - r a y s ,  a s  w e l l  a s  from  

t h e  c h a r g e d  p a r t i c l e s .
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Conversely, if simple flat-sheet scintillators are 
shaped in the form of a box, many (> 6) PM's are required to 
provide excellent charged-particle rejection. If the PM's 
are placed inside, the box must be larger than with the 
dome design. Such a large shield will have high count 
rates and, consequently, large dead times. Alternatively, 
teh PM's could be placed outside, but this would increase 
the cosmic-ray produced secondaries thereby distorting the 
ambient neutral particle spectra.

We believe that this represents a considerable ad­
vance in the design and operation of charged-particle 
shields for neutron and gamma-ray experiments. A recent 
balloon flight of several hours duration has shown that 
the original design is adequate. It is important to note 
that this minimum mass shield would not work reliably with­
out both the concept of non-uniform thickness and the 
parallel sum-coincidence electronic logic.
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APPENDIX B

A Simple High Resolution Pulse Shape Discriminator*

R. N. St. Onge and J. A. Lockwood 
University of New Hampshire 

Physics Department 
Durham, New Hampshire

1. Introduction

In experiments to measure the fast neutron energy 
spectrum at the top of the earth's atmosphere, it is nec­
essary to separate the neutron events from the Y-rays, 
assuming the usual anticoincidence charged-particle shield 
is included. The pulse-shape discriminating system to be 
described provides good separation of neutrons from gamma 
rays over an extensive energy range. For y-rays the energy 
resolution obtained with the organic liquid scintillator is 
good enough to determine the energy spectrum of the y-rays. 
The data display method permits the simultaneous determi­
nation of both the neutron and y-ray pulse height spectrums. 
This pulse-shape discriminator (PSD) has been used to mea­
sure the neutron and y-ray spectra in the atmosphere with 
balloons and will be incorporated in a forthcoming series 
of rocket flights to evaluate the energy spectrum of the 
cosmic-ray neutron leakage flux.

The requirements imposed and successfully realized 
in the design of the PSD were (1) unambiguous simultaneous

♦Accepted for publication, Nucl. Inst, and Meth., 1968.



i d e n t i f i c a t i o n  o f  b o th  p a r t i c l e  e n e r g y  and p a r t i c l e  t y p e ;  

(2) w id e  dynam ic r a n g e  ( n e u t r o n s ,  1 < En < 30 Mev; y - r a y s ,  

0 . 5  < < 10 Mev); (3) s i m p l i c i t y ;  (4) u s e  o f  p a s s i v e

c i r c u i t  e l e m e n t s  f o r  h ig h  t e m p e r a tu r e  s t a b i l i t y  and low  

pow er c o n su m p t io n ;  and (5) minimum s e n s i t i v i t y  t o  p h o t o ­

m u l t i p l i e r  (PM) g a in  c h a n g e s .  P r e s e n t  PSD m eth od s  do n o t  

m e e t  a l l  t h e s e  c r i t e r i a  s i m u l t a n e o u s l y .  For e x a m p le ,  t h e  

many m eth od s  s u g g e s t e d  by F o r t e  e t  a l .  (1961)  u se  f a s t  

d i o d e s  w h ic h  h a v e  i n h e r e n t l y  p o o r  t e m p e r a tu r e  c h a r a c t e r ­

i s t i c s  and a l i m i t e d  u s e f u l  dynam ic r a n g e .  The PSD o f  

B rooks (1 9 5 9 )  and l a t e r  D aeh n ick  and S h e r r  (1961) i s  v e r y  

d i f f i c u l t  t o  a d j u s t  o v e r  a w id e  dynam ic r a n g e ,  i s  q u i t e  

s e n s i t i v e  t o  any PM g a i n  c h a n g e s  and o n l y  t h e  n e u tr o n  

c h a n n e l  i s  d i r e c t l y  d i s p l a y e d .  The s p a c e  c h a r g e  s a t u r ­

a t i o n  m ethod  f i r s t  em p lo y ed  by Owen (195 8 ) ,  B a t c h e l o r  

e t  a l .  ( 1 9 6 0 ) ,  and Broek and A n d erson  (1 9 6 0 )  h a s  a v e r y  

l i m i t e d  dynam ic r a n g e .  The m ethod  o f  A le x a n d e r  and 

G o u ld in g  (1961)  i s  v e r y  c o m p le x .  Z e r o - c r o s s i n g  m ethods  

( F o r te  e t  a l . , 1961;  Roush e t  a l . , 1964) a r e  a l s o  q u i t e  

i n v o l v e d .

In  t h i s  p a p e r  we w i l l  d e s c r i b e  t h e  PSD c i r c u i t ,  

t h e  m ethod  o f  i n c o r p o r a t i n g  an i n - f l i g h t  c a l i b r a t o r  i n t o  

t h e  n -y  d e t e c t i n g  s y s t e m  and t y p i c a l  PSD s e p a r a t i o n s  o f  

p r o t o n s  from e l e c t r o n s .

2 .  D e s c r i p t i o n  o f  t h e  PSD C i r c u i t

S in c e  d i f f e r e n t  p a r t i c l e s  i n  t r a v e r s i n g  some 

s c i n t i l l a t o r s  l o s e  e n e r g y  by  e x c i t i n g  t h e  e l e c t r o n i c
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t r a n s i t i o n s  o f  o r g a n i c  m o le c u le s  i n  a u n iq u e  m anner , t h e  

n u c l e a r  p a r t i c l e  t y p e  and e n e r g y  can  u s u a l l y  b e  s im u l ­

t a n e o u s l y  i d e n t i f i e d .  The e x c i t e d  s c i n t i l l a t o r  s u b s e ­

q u e n t l y  r a d i a t e s  t h i s  e n e r g y  i n  a p a r t i c u l a r  c o m b in a t io n  

o f  modes u n iq u e ly  d e p e n d e n t  upon t h e  p a r t i c l e  t y p e  and 

i t s  e n e r g y  l o s s  (W r ig h t , 1956)  , D i s c r i m i n a t i o n  among t h e  

d i f f e r e n t  t y p e s  o f  p a r t i c l e s  i n  a s c i n t i l l a t o r  i s  u s u a l l y  

made by  com p aring  t h e  a m p l i t u d e s  o f  t h e  f a s t  com ponent t o  

t o t a l  o u t p u t  o f  a l l  t h e  d e c a y  m odes f o r  e a c h  p a r t i c l e  

t y p e  (B r o o k s , 1 9 5 9 ) .  A lth o u g h  i t  i s  e x p e c t e d  t h e o r e t i c a l l y  

t h a t  t h e  optimum co m p a r iso n  w o u ld  b e  b e tw e e n  t h e  a m p l i t u d e s  

o f  th e  f a s t  and t h e  s lo w  c o m p o n e n ts ,  t h e  s y s t e m  t o  b e  d e s ­

c r i b e d  w i l l  compare t h e  s l o w - t o - t h e - t o t a l  i n t e g r a t e d  

a m p li tu d e  o f  a l l  d e c a y s .  The r e a s o n  f o r  t h i s  m ethod  o f  

c o m p a r iso n  l i e s  i n  t h e  s a t u r a t i n g ,  n o n l i n e a r  c h a r a c t e r ­

i s t i c s  o f  t h e  PM, i . e . ,  v e r y  f a s t ,  h i g h - i n t e n s i t y  d e c a y s  

c a n n o t  be  f a i t h f u l l y  f o l l o w e d  b e c a u s e  o f  s p a c e  c h a r g e  

s a t u r a t i o n .  T h u s ,  t h e  u s e  o f  t h e s e  d i s t o r t e d  f a s t  d e c a y s  

w o u ld  c a u s e  a g r e a t e r  d i s p e r s i o n  i n  t h e  p a r t i c l e  s e p a r a ­

t i o n .  A l s o ,  t h e  u s e  o f  t h e  t o t a l  i n t e g r a t e d  s i g n a l  s e r v e s  

a d u a l  p u r p o s e .  F i r s t ,  t h e  n e c e s s a r y  p u l s e  h e i g h t  

s p e c tr u m  can  be  s i m u l t a n e o u s l y  e x t r a c t e d  from  i t .  S e c o n d ,  

s i n c e  t h e  t o t a l  i n t e g r a t e d  s i g n a l  m ust a lw a y s  b e  g r e a t e r  

th a n  e i t h e r  i t s  f a s t  o r  s lo w  com ponent a t  t h e  same PM 

o u t p u t ,  t h e  t o t a l  i n t e g r a t e d  s i g n a l  may b e  p ic k e d  o f f  a t  

an e a r l i e r  dynode t o  a v o id  any s u b s e q u e n t  s p a c e  c h a r g e  

s a t u r a t i o n .  H en ce ,  p r a c t i c a l  c o n s i d e r a t i o n s  d i c t a t e  t h e
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c o m p a r iso n  o f  t h e  s l o w - t o - t h e - t o t a l  p u l s e  a m p l i t u d e s .

The b a s i c  i d e a  o f  t h e  PSD i s  t h e  p a r t i a l l y  d e ­

s t r u c t i v e  and c o n s t r u c t i v e  i n t e r f e r e n c e  o f  a p a i r  o f  

e l e c t r o n i c  p u l s e s  d e r i v e d  from  o n e  PM d e t e c t o r  p u l s e .

T h is  o n e  o r i g i n a l  p u l s e  may b e  t a k e n  e i t h e r  from a 

dynode o r  t h e  anode o f  t h e  PM. The p a r t i c u l a r  m ethod o f  

o b t a i n i n g  t h i s  p a i r  o f  p u l s e s  from on e  p u l s e  u s e s  a 500 

m in i a t u r e  f a s t  p u l s e  t r a n s f o r m e r  {V a r i-L  C o . , I n c . ) c o n ­

n e c t e d  t o  t h e  500 anode o u t p u t  o f  an RCA 8575 PM as  

shown i n  F ig u r e  A -2 .  Such a d e v i c e  w i l l  p r o d u c e  two  

i d e n t i c a l ,  c o n j u g a t e ,  1 8 0 °  o u t - o f - p h a s e ,  u n i p o l a r  p u l s e s  

from o n e  i n p u t  p u l s e ,  i . e . ,  o p p o s i t e  p o l a r i t y ,  b u t  e x a c t l y  

i n  t im e  p h a s e .  T h e se  tw o o p p o s i t e  p o l a r i t y  p u l s e s  a r e  

t h e n  o p e r a t e d  upon s e p a r a t e l y  and s u b s e q u e n t l y  reco m b in ed  

t o  i n t e r f e r e .  The summing o p e r a t i o n  can  b e  c a r r i e d  o u t  

i n  e i t h e r  o f  tw o m e th o d s :  a s im p le  r e s i s t o r  summing n e t ­

work o r  a n o t h e r  two i n p u t ,  n o n i n v e r t i n g  f a s t  p u l s e  t r a n s ­

fo r m e r .

E i t h e r  t h e  f i r s t  o r  t h e  s e c o n d  o p e r a t i o n  (a s  shown 

i n  F ig u r e  A -2 )  can b e  c h o s e n  t o  s u i t  t h e  p a r t i c u l a r  s c i n ­

t i l l a t o r  o r  PM c h a r a c t e r i s t i c s .  Such o p e r a t i o n s  m ig h t  b e :  

RC d i f f e r e n t i a t i o n ,  RC i n t e g r a t i o n ,  d e l a y ,  c l i p p i n g ,  

s t r e t c h i n g  and i d e n t i t y  (no o p e r a t i o n ) .

The p a r t i c u l a r  p a i r  o f  o p e r a t i o n s  c h o s e n  f o r  t h e  

f a s t  o r g a n i c  l i q u i d s  su c h  a s  N u c le a r  E n t e r p r i s e s  213 o r  222  

w ere  RC d i f f e r e n t i a t i o n  and i d e n t i t y ,  i n d i c a t e d  s c h e m a t i ­

c a l l y  in  F ig u r e  A -3 .  One p u l s e  i s  RC d i f f e r e n t i a t e d  w i t h
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a s h o r t  t im e  c o n s t a n t , t h u s  p r o d u c in g  a b i p o l a r  p u l s e .

The o t h e r  p u l s e ,  o f  o p p o s i t e  p o l a r i t y ,  i s  added t o  i n t e r ­

f e r e  a p p r o x im a t e ly  and t h e r e b y  c a n c e l  t h e  f i r s t  p a r t  o f  

t h e  RC d i f f e r e n t i a t e d  b i p o l a r  p u l s e .  Such a  c a n c e l l a t i o n  

p r o d u c e s  an e x t r e m e ly  sh a p e  s e n s i t i v e  o u t p u t  w i t h o u t  t h e  

u s e  o f  any n o n l i n e a r  d e v i c e s .  The u n i p o l a r  o u t p u t  i s  

f i n a l l y  i n t e g r a t e d  b e f o r e  i t  e n t e r s  a  p r e a m p l i f i e r .  S in c e  

t h i s  p u l s e  i s  r e l a t e d  t o  a  d i f f e r e n t i a t i o n ,  i t  i s  c o n ­

v e n i e n t l y  d e f i n e d  a s  t h e  (d L /d t)  p u l s e  and i s  p a r t i c u l a r l y  

d e p e n d e n t  on p a r t i c l e  t y p e .

S im u l t a n e o u s ly  a p u l s e  i s  t a k e n  from  a n o th e r  d y n o d e ,  

i n t e g r a t e d  f o r  s e v e r a l  d e c a y  t i m e s ,  and t h e n  a m p l i f i e d .  So 

t h i s  p u l s e  i s  d e f i n e d  a s  t h e  L d t  p u l s e  and i s  r e l a t e d  t o  

p a r t i c l e  e n e r g y .

The tw o p u l s e s  (d L /d t)  and | l  d t  a r e  p l o t t e d  a g a i n s t  

e a c h  o t h e r  on a  tw o -p a r a m e te r  f i e l d  t o  r e a l i z e  t h e  p a r t i c l e  

s e p a r a t i o n .  T h is  d i s p l a y  m ethod  i s  s i m i l a r  t o  t h a t  u se d  by 

d E /d x  x  E d e t e c t o r  s y s t e m s .

The e n t i r e  PSD c i r c u i t  d e s ig n e d  f o r  s p a c e  u se  

w e ig h s  l e s s  th a n  20 grams and i s  l e s s  th a n  5 cm i n  d i a ­

m e te r  when m ounted  on a s i n g l e  p r i n t e d  c i r c u i t  b o a r d .  I t  

h a s  b e e n  u sed  w i t h  t h e  RCA 8575 PM o p e r a t e d  a t  n e g a t i v e  

h ig h  v o l t a g e .  A p r e l i m i n a r y  l a y o u t  i s  shown i n  F ig u r e  A -4 .  

T here  i s  no l i m i t a t i o n  t o  t h e  s i z e  r e d u c t i o n  p o s s i b l e ,  b u t  

s i n c e  s t r a y  c a p a c i t a n c e  i s  i m p o r t a n t ,  o p t i m i z a t i o n  w ou ld  

b e  n e c e s s a r y  w i t h  e a c h  r e d e s i g n .
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3 . R e s u l t s

F ig u r e  A-5 i s  a t w o - d im e n s io n a l  l o w - l e v e l  c o n to u r  

d i s p l a y  o f  (d L /d t )  v s  J l  d t  f o r  t h e  n e u t r o n  and y - r a y  

s p e c t r a  from  an Am-Be s o u r c e .  The Co60 C om pton-edge p u l s e  

h e i g h t  c o r r e s p o n d s  t o  an e l e c t r o n  e n e r g y  o f  1 . 1  Mev o r  o f  

r e c o i l  p r o t o n s  o f  a b o u t  3 Mev. For a r e l a t i v e  co m p a r iso n  

w it h  t h e  many PSD s y s t e m s , we h a v e  p l o t t e d  i n  F ig u r e  A-6 

a o n e - d im e n s io n a l  s e c t i o n  th r o u g h  a t w o - d im e n s io n a l  sp e c tr u m  

a t  t h e  Co60 Compton e d g e  (50% p o i n t ) . The r e l a t i v e  s e p a ­

r a t i o n  o f  y and n e v e n t s  i s  b e s t  d e s c r i b e d  by t h e  M v a l u e ,  

d e f i n e d  by ( R e id  and Hummel, 1 9 6 6 ) :

M = -=— t —?— i w h ere  A = p e a k - t o - p e a k  s e p a r a t i o n ,0 i + 0 2

and and 62 a r e  t h e  f u l l  w id t h s  a t  h a l f  maximum f o r  

t h e  two p e a k s . For t h e  d a t a  show n , M = 3 . 1 .

We f i n d  t h a t  M v a l u e s  o f  2 can  be o b t a in e d  down 

t o  p r o to n  e n e r g i e s  o f  a b o u t  1 Mev. On t h e  o t h e r  h a n d , th e  

u pper l i m i t  ca n  b e  e x t e n d e d  t o  g r e a t e r  th a n  15 Mev w i t h  

no a p p a r e n t  d e c r e a s e  i n  M. M o r eo v er ,  t h e  a c t u a l  dynam ic  

r a n g e  i s  l i m i t e d ,  n o t  by t h e  PSD i t s e l f ,  b u t  by t h e  

c h a r a c t e r i s t i c s  o f  t h e  a m p l i f i e r s  and p u l s e  h e i g h t  an a­

l y z e r s  f o l l o w i n g  t h e  PSD.

The t e s t  r e s u l t s  from  e x p o s in g  t h e  a c t u a l  b a l l o o n  

f l i g h t  u n i t  t o  th e  14 Mev m o n o e n e r g e t i c  o u t p u t  from  t h e  

( d , t )  r e a c t i o n  and t o  a Co6 0 , y-xay  s o u r c e  s i m u l t a n e o u s l y
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a r e  shown i n  F ig u r e  A -7 .  The n e u t r o n  e n e r g y  r a n g e  i s  

1 t o  15 Mev and w i t h  a g a i n  ch a n g e  can  b e  i n c r e a s e d  t o  

30 Mev. C o n to u rs  o f  f u l l  w id th  a t  h a l f  maximum (FWHM) 

a r e  p l o t t e d .  The c o - o r d i n a t e  s y s t e m  i s  n o n l i n e a r  t o  

make optimum u s e  o f  t h e  p u l s e  h e i g h t  a n a l y z e r  r a n g e ,  

a ssu m in g  t h a t  t h e  n e u t r o n  d i f f e r e n t i a l  e n e r g y  sp e c tr u m  

a t  t h e  t o p  o f  t h e  a tm o sp h e r e  can b e  c r u d e l y  r e p r e s e n t e d  

by K /E .

Two m eth od s o f  i n - f l i g h t  c a l i b r a t i o n  ( I F C ) , b o th  

o f  w h ich  u se d  a lp h a  p a r t i c l e  s o u r c e s ,  w ere  t r i e d .  T h e se  

w ere  d e s i g n e d  a b o u t  t h e  c o n c e p t  o f  a 4 1 - e n c l o s i n g ,  a n t i -  

c o i n c i d e n c e ,  c h a r g e d  p a r t i c l e  s h i e l d  ( S t .  Onge and  

L ockw ood, 1 9 6 7 ) .  T h is  a l l o w s  t h e  i n n e r ,  e n c l o s e d  NE213 

d e t e c t o r  t o  " o b se r v e "  o n l y  n e u t r a l  r a d i a t i o n .  S i n c e  e x ­

t e r n a l  a lp h a  p a r t i c l e s  w o u ld  n o r m a lly  b e  e x c l u d e d ,  t h e  

a - p a r t i c l e  r e g i o n  o f  t h e  tw o -p a r a m e te r  d i s p l a y  can  be  

c o n v e n i e n t l y  u se d  t o  d i s p l a y  t h e  o u t p u t  from  an i n t e r n a l  

a - p a r t i c l e  IFC.

The f i r s t  m ethod  i n v o l v e d  a r a d i o a c t i v e  a l p h a -  
241

e m i t t i n g  s a l t  o f  Am c o m p le t e l y  s o l u b l e  i n  NE213 and  

y e t  n o t  d e t r i m e n t a l  t o  t h e  PSD p r o p e r t y  o f  t h e  s c i n t i l l a t o r  

(New E n g la n d  N u c le a r  C orp . ) .  A lth o u g h  t h i s  a p p ro a ch  was  

s u c c e s s f u l ,  i t  was n o t  u s e f u l  i n  t h i s  a p p l i c a t i o n  b e c a u s e  

t h e  l i g h t  o u t p u t  o b t a in e d  by  a lp h a  p a r t i c l e  e x c i t a t i o n  o f  

t h e  o r g a n i c  s c i n t i l l a t o r  w as t o o  s m a l l  r e l a t i v e  t o  n e u tr o n  

e x c i t a t i o n  i n  t h e  e n e r g y  r a n g e  o f  i n t e r e s t .



The s e c o n d  IFC m ethod u se d  a s m a l l  c h ip  o f  N al

(T l)  l i g h t  p u l s e r  (Harshaw C h em ica l C orp . ) dop ed  w i t h  
2 *♦ 1

Am ("4 mm d ia m e t e r  x 4 mm l o n g ) . The p u l s e - s h a p e  s e p a ­

r a t i o n  w i t h  su c h  a t e c h n iq u e  i s  e x c e p t i o n a l  b e c a u s e  t h e  

much s lo w e r  d e c a y  t im e  o f  N a l ( T l )  i s  e a s i l y  d i s c r i m i n a t e d  

from  t h e  f a s t  o r g a n i c  (NE213) d e c a y s ,  i . e . ,  t h e  PSD s y s t e m  

i s  o p e r a t i n g  a s  a p h o sw ic h  ( W ilk in s o n ,  1 9 5 2 ) .

The p u l s e  h e i g h t s  from  t h e  s c i n t i l l a t o r  f o r  t h e  

IFC can  b e  a d j u s t e d  by c h a n g in g  t h e  s i z e  o f  t h e  e x i t  

a p e r t u r e  on  t h e  c r y s t a l  f a c e  o f  t h e  m in ia t u r e  l i g h t  p u l s e r  

The a l l o c a t i o n  o f  PHA a r e a  t o  t h e  p e r t i n e n t  e n e r g y  r e g i o n  

o f  i n t e r e s t  ca n  be  o p t i m i z e d ,  y e t  an a-IFC  peak  can b e  r e ­

t a i n e d  i n  t h e  a d j a c e n t  r e g i o n .  The o u t p u t  from su ch  an

IFC i s  shown i n  t h e  u p p er  r i g h t - h a n d  p o r t i o n  o f  t h e  d L /d t  
■

v s  L d t  p l o t  i n  F ig u r e  A -7 .  Im proved e n e r g y  r e s o l u t i o n  

i n  t h e  IFC can  b e  o b t a in e d  by u s i n g  a s t r o n g e r  s o u r c e .  In  

t h i s  f l i g h t  u n i t  t h e  t e l e m e t r y  s y s t e m  l i m i t e d  t h e  c o u n t in g  

r a t e  o f  t h e  IFC s o u r c e  t o  "4 s e c  1 .

4 .  D i s c u s s i o n

A lth o u g h  t h i s  m ethod  h a s  t h e  o b v io u s  d i s a d v a n t a g e  

o f  r e q u i r i n g  a tw o -p a r a m e te r  PHA, one can  o b t a i n  e x c e l ­

l e n t  n -y  s e p a r a t i o n  (M“ 3) o v e r  a w id e  dynam ic ra n g e  

(1  < En < 30 Mev) a t  r e l a t i v e l y  h ig h  c o u n t  r a t e s  (> 5 x 

10** s e c ” 1) .  No e f f o r t  was made t o  g o  t o  n e u tr o n  e n e r g i e s  

lo w e r  th a n  o n e  Mev, n o r  h a s  t h e  u p p er  l i m i t  b e e n  e x p l o r e d .  

No a d ju s tm e n t  o f  th e  PSD i s  n e e d e d  f o r  c h a n g e s  i n  any o f
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PSD l i q u i d  s c i n t i l l a t o r s /  o r  p a r t i c l e  e n e r g y .

In  c o n c l u s i o n ,  t h i s  PSD s y s t e m  h a s  t h e  a d v a n ta g e  

o f  s i m p l i c i t y ,  p a s s i v e n e s s  and m i n i a t u r i z a t i o n .  I t  o p e r ­

a t e s  o v e r  a w id e  dynam ic  r a n g e  w i t h  h ig h  r e s o l u t i o n  and  

makes p o s s i b l e  m u l t i p l e  p a r t i c l e  p u l s e - s h a p e  d i s c r i m i n a t i o n .
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APPENDIX C

THERMAL RADIATION CALCULATION FOR THE FLIGHT PACKAGE

Preflight calculations (Mehltretter, 1968) were made 
to determine the significant, physically-adjustable para­
meters necessary to obtain a desirable internal temperature 
for the neutron detector contained in a box 0.54 x 0.54 x
0.69 m.

The purpose of such calculations was to determine 
the necessary color of paint to be applied to the exterior 
surface of the package so that during the balloon flight the 
inner detector would be at a temperature near 20°C. The 
choice of the color affects the emissivity (e) and the ab­
sorptivity (o0 • After several series of iterative calcula­
tions similar to the final one shown, it was determined that 
a particular type of flat white paint would maintain the 
temperature at the optimum 20°C. Another variable also de­
termined by the following series of calculations was the re­
quired thickness of foam insulation to surround the detector.
For the calculations shown we merely used the values for these 
variables deduced from a previous series of iterative calcula­
tions. These final calculations yielded the optimum conditions.

The following approach was taken in these calculations. 
First, the diffusion approximation was used to calculate the 
temperature difference between the center of the detector and 
the outer surface at equilibrium. Second, the minimum time
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taken to reach equilibrium was calculated from specific heat 
considerations. Third, the outer surface temperature was 
determined from the conservation of energy. Finally, the 
inner detector temperature was calculated from the combined 
results.

The diffusion approximation was used to calculate the 
inner to outer temperature difference. For the cubic package 
we can write R = K A dT/dX, where R = rate of power input to 
package to operate internal electronics system, K = thermal 
conductivity, A = transverse area of package, dT = inner to 
outer temperature difference, and dx = thickness of thermal 
barrier. After rearranging and integrating over both temper­
ature and thickness, the temperature difference is given by
T = RX/KA. For the package, R = 4.25 watts = 14.5 B.T.U./

-1 -2hour, X = 6 inch (average), K = 0.3 B.T.U. inch hour ft
- 1 2  .F° , and A = 4.4 ft . If we substitute these dimensions

and physical constants for the package into this expression, 
we find that T = 66 F° = 37 C°.

The time to reach equilibrium can be estimated pro­
vided that equilibrium is reached within the flight time 
(~11 hours). Although we know that the mass of the detector

4is 47 pounds (2.1, 10 gm), we can only estimate the average
specific heat of this composite of materials as c = 0.2 cal
gm 1 C° 1 (+ 20%). Such an approximation initially disregards
the thermal radiation loss. Putting At/AT = M c/R where At =
time to reach equilibrium, R = power input (4.25 watts), M =

4 —total mass of materials (2.1, 10 gm), c = average specific
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heat (0.2 cal gm-'1' C0"'*') , andAT = estimated temperature 
change. Thus, the minimum time to reach equilibrium is ap­
proximately 69 hrs C° \

Since the flight time (-11 hours) is much shorter 
than this equilibrium time, we expect that any temperature 
changes will be slow and slight. But, of course, this was 
deduced by assuming no internal power loss through surface 
radiation. Therefore, the actual time to reach equilibrium 
would be longer, which emphasizes that the package temperature 
cannot change appreciably during the flight time. However, 
since it is possible to have a heat flow into the system from 
the solar-heated exterior surfaces, we must calculate the ex­
terior surface temperature from radiant energy considerations.

The conservation of energy was used to calculate the 
exterior surface temperature of the detector. The energy 
rate to the surface must equal the radiant losses as given by 
Stefan's law.

4E . + E + E_ = a T A,, . . .x © E (total)

where E^ = internal power delivered to outer surface, Eq =
absorbed solar power, and Ê , = absorbed albedo power. As a
first approximation, we will neglect in comparison with
E and E^. This will be justified later. Approximating the © t
package to a cube with a total surface area of 6A, where A is 
the area of one surface, we can write: {aQ/z) (2A) JQ +
(a„/e) (3A) J_ = a T^ (6A), where J = 13.10 2 watt cm 2Jti Cl ©

—2 —2 —12 (solar constant), J„ = 2.4 10 watt cm , and a = 5.67 10III
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watt cm  ̂ °C The choice of white paint gives: = 0.3,
4 -2 -2= 0.9, and e = 0.9. Thus, (a T ) =2.65 10 watt cm ,'E

which gives T (external) = -18°C. Thus, the exterior surface
of the package will have a temperature of - -18°C. However,
we must first justify the assumption of neglecting E^ with
respect to the E and E_terms. E./€> (A) = 4.25 watts/ 2 10+  ̂c © E l

+ 2 -4 -2cm - 2.1 10 watt cm . Since this is less than 1% of
the other two terms, we can properly neglect it.

In the beginning of this appendix we calculated the 
temperature difference between the inner and outer surface 
to be ~ 37c°. We can now determine the equilibrium inner 
temperature by combining the results of all the above cal­
culations. The inner equilibrium temperature will be +19°C 
and the time to reach equilibrium at least 69 hours/C°. Since 
this temperature is quite suitable for the instrument, we 
began the balloon flight preparations from Texas by operating 
the detector within an environmental chamber set to maintain 
a temperature of 19°C.

The temperature extremes of the actual balloon flight 
for this detector were 21.4 + 0.9°C for 11 hours. Thus, the 
calculated temperature predictions were in good agreement 
with the actual data.
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APPENDIX D

CALCULATIONS OF LOCALLY PRODUCED NEUTRONS

Since high-energy cosmic rays interact with the mass 
of the flight system to produce neutrons, it is necessary to 
determine the relative importance of this contaminant (Trainor 
and Lockwood, 1964; Wilson, 1965). In order to minimize the 
effect of local production, the system was designed as two 
separate packages. The detector package was flown 2.76 m 
above the more massive electronics and battery package. Hence, 
the following calculations are made in two parts: the neutron
production from the massive lower electronics and battery 
package as measured by the upper neutron detector and the neu­
tron production of the upper package as measured by the en­
closed neutron detector. The evaporation neutrons produced 
are assumed to be isotropically emitted and to have an energy 
range of from 1 to 10 Mev. This production neutron flux will 
be compared to the albedo neutron flux over their common energy 
range at the Pfotzer maximum.

1. Production in Lower Package

The rate of neutron production by the primary cosmic- 
ray flux is given by (Boella et al., 1965) : n = 2it \  ̂ v

—  _ _ _  p
-1 -1neutrons sec gm , where n = number of neutrons per gram

_2per second produced, $ = primary flux of particles cmP
sec  ̂ster ^ , \T = average multiplicity number of neutrons
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produced per interaction, A = average interaction length in 
-2gm cm . This is an approximate expression, valid only if 

X is large compared to the thickness of material in grams 
per square centimeter. Since we neglect any subsequent ab­
sorption of these locally produced neutrons, this estimate 
will be a worst case consideration.

The mass of air which the balloon displaces will be 
considered as a relative void. This relative void is equal 
to the local mass of the detection system. We will consider 
the balloon as a relatively deficient secondary production 
source and the detector system as a surplus production source. 
Since the number of neutrons per second per gram of producer 
changes less than a factor of two for these two different 
materials, we can easily estimate their relative contribu­
tions. Each producer will contribute in proportion to the 
solid angle subtended by the detector as seen from the mass 
centroid of the respective producer. However, since the bal­
loon is at least 50 times more distant from the detector than
the major mass of the detector system, the relative decrease

-3in the neutron flux from the balloon void is less than 10 
of the increase from the production due to the mass of the 
detector materials. Therefore, we need only consider the 
contamination from local production due to the detection 
system.

We will use the results of a similar calculation by
Boella et al. (1965) for X, and X. They found n = 8 x

-3 -1 -1 -310 neutrons sec gm for aluminum and n = 14 x 10 neu-
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trons sec"'*' gm  ̂ for nickel-cadmium at a geomagnetic cutoff 
of 4.6 Gv at solar minimum. Although the present flight was 
made at -4.8 Gv and near solar maximum, the results are prob­
ably reliable to within 20 percent.

The production flux superimposed upon the albedo
T “ 1flux will be: $ (production) = (^l, Ni-Cd) n M ^ (J2/4tt)

where $ = locally produced neutron flux at detector, neutron
- 1 - 2  4 4sec cm , M = mass of producer (4.5 x 10 gm-Al, 9.8 x 10

- 2gm - Ni-Cd) , A = projected area of detector (25.4 cm ) , Si =
2solid angle subtended by detector ~(A/R ), R = separation m  

meters (m) of detector and mass (Al-3.48m, Ni-Cd-4.17m), E = 
summed over both aluminum and nickel-cadmium.

This results in a contaminating neutron flux of -0.7
-3 -1 -2x 10 neutrons sec cm from the lower package. However,

since the neutron flux in the same energy region is in the
-1 -2order of several neutrons sec cm (Havmes, 1964), the 

local neutron production from the lower package is less 
than a 0.1 percent correction.

2. Production in Upper Package

The upper package encloses the neutron detector with
a polyurethane foam thermal covering and a perforated aluminum
frame located outside the active charged-particle shield. The

3foam insulation (75.5 x 10 gm) is located at an average dis­
tance of 23 cm from the inner 6.5 cm x 6.54 cm diameter neutron

3detector cell. The aluminum frame (~2.5 x 10 gm) is at a 
radius of 30 cm from the inner detector. Therefore, the pro-



£ —3duction count rate is $ = (foam frame) $ = 0*^ x 10 (foam)
-3 -1 -2+ 1.6 x 10 (frame) neutrons sec cm , where $ = 2.4 x

-3 -1 -210 neutrons sec cm
The National Center for Atmospheric Research (NCAR)

balloon launch group also added a ballast and telemetry pack-
4age (7 x 10 gm @ 4.3 m) below the entire system. The added

_ 3neutron flux that this will produce is 0.4 x 10 neutrons
-1 -2sec cm

The total neutron production from the entire system
— 3 -1 — 2(3.5 x 10 neutrons sec cm ) is 0.1 percent of the neu­

tron flux. Thus, we feel justified in neglecting any sig­
nificant contribution from both the system production and 
the relative void of the balloon.
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APPENDIX E

THE NEUTRON SPECTRUM UNFOLDING PROCEDURE

The unfolding process as discussed in Chapter IV, 
Section 3, can be broken down into four operations. First, 
the conversion from counts per logarithmic flight channel 
to counts per linear TMC channel. Second, the subsequent 
conversion from counts per TMC channel to the number of 
recoil protons per Mev of energy. Third, the evaluation 
of the derivative of the smoothed proton curve as a function 
of energy. Fourth, the evaluation of the response kernel 
as a function of energy.

We converted from counts per fLdt flight channel 
(Figure 24c) to counts per TMC channel with a plot of flight 
channel versus TMC channel number, Figure 17. From this 
curve we obtained the beginning and end points of each flight 
channel in terms of TMC channel number, as well as the 
width of each channel in terms of TMC channels. The chan­
nel widths were then plotted versus flight channel number, 
Figure A-8, and a straight line drawn through these points. 
From this curve we obtained a smooth set of channel widths. 
The counts per flight channel were divided by this channel 
width to obtain the counts per flight channel in terms of 
counts per TMC channel.

The second conversion is almost identical to the 
first, so we need only discuss the difference. We begin
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this operation with a set of calibration curves (counts per
22TMC channel versus TMC channel number ) for Na , AmBe,

228Th , and the (D,T) reaction. With the use of Figure 16
we converted the beginning and end points from TMC channels

22into their equivalent Na light units. We converted from
22the channels in Na light units to energy, obtained the 

channel widths in terms of energy, plotted this versus light 
units, and from this curve (Figure A-9) obtained the number 
of recoil protons per Mev. This number was multiplied by 
a factor of 1.42 to scale the spectrum to the Pfotzer maxi­
mum count rate as shown in Figure 28a. Also shown in Figure

228a is the absolute Pfotzer maximum spectrum, protons/cm -sec-
Mev. This was obtained by dividing by the isotropic area ̂  •
(total .surface area/4) and the total time of accumulation 
(49 x 60 sec).

The number of counts per flight channel was smoothed 
using the three point sliding average relation:

Nj. = 1/2 (N± + 1/2 (Ni_]_ + Ni+1) )

where N^ = number of recoil protons per Mev in the i*"*1 chan-
__ th.nel and N^ = smoothed value for i channel* The smooth

recoil^proton energy spectrum obtained from Figure 28a
after the application of the above relation is given in
Figure 28b,

The third step involved the evaluation of the devi- 
ative d/dE CdNp/dE) as a function of energy. This was e- 
valuated from Figure 28b and the slope is shown in Figure
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A-ll.
The final and fourth step was the solution for the 

neutron spectrum (dNn/dE) as a function of energy (E) by 
the use of the following relation:

where a(E) = (n o + nTTaTT) is the total effective cross- c c H H
section, L is the length of the scintillator (4.60 cm),

2A^ is the isotropic area (total area/4) = 25.4 cm ). F(E) 
is a small correction factor for second scattering and wall 
effects. f(a,L) = (1 - exp(-aL))/aL is a small correction 
factor for the neutron flux attenuation within the scintil­
lator. The strength of the correction factor F for second 
scattering and wall effects is given in Figure A-10. The 
resulting neutron energy spectrum at Pfotzer maximum is 
shown in Figure 29.
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APPENDIX F

THE CONTRIBUTION OF PROTONS FROM C12(n,p) REACTIONS

There are two carbon interactions which produce
12 12 12 11 secondary protons, C (n,p) B and C (n,n'p) B . These

reactions must be considered since the PSD would recognize
the resultant protons while the unfolding method of Appendix
E considered only secondary protons from n(H,P) n 1. Madey

12 12(1968) concluded that the C (n,p) B cross section is the
dominating reaction from 16 Mev < E <30 Mev. Another ar- J n
gument, outside of cross-sectional considerations, can be 
based upon considering these two reactions for the two dif­
ferent incident neutron energies which would produce equal

12 11energies for the secondary protons. Since the C (n,n'p) B
channel produces three nucleons, two of which are mass one,
we expect that most of the available energy will be distributed

12between the proton and the neutron. Therefore, the C (n,n'p) 
11B reaction will produce lower energy protons than the 
12 12C (n,p) B reaction for equal incident neutron energies.

12 12We conclude that the C (n,p) B reaction will produce more
12 11protons of higher energy than the C (n,n'p) B reaction. 

Therefore, we must calculate the number of protons that are 
produced by carbon relative to the number of protons pro­
duced by hydrogen in the same proton energy intervals from
n12 . . _12 C (n,p) B

We will estimate the contamination ratio (R) of the
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12 12C (n,p) B proton count rate to the H(n,p)n' proton count
rate at equal proton energies. This is approximately pro­
portional to the following:

The numerator is the relative count rate of contaminating 
protons due to the atmospheric albedo neutron flux upon

denominator is the corresponding rate due to H(n,p)n'. How­
ever, in order to assure that the two reactions will pro­
duce protons of the same energy, the incident neutron 
energy for the carbon reaction must be higher than that 
for the hydrogen reaction. The relation between these two 
energies can be calculated from a knowledge of the Q value 
for the carbon reaction. Kurz (1964) gives Q as -12.59 Mev. 
Halliday (1955) relates Q for the general reaction X(a,b)Y,

^  a (4V\?/dE)̂ c../(<J

rs.

12 12carbon in the NE213 scintillator by the C (n,p) B . The

CoS 0 {WtlVb &*) ftm t 
$rr\47nhCoS*6> +(>7v4 fr7i,)Ift7vQ

The ratio of for NE213 is 1.2. The carbon cross-n  C
section is taken from the work of Kurz (1964) and values for 
albedo flux are taken from Lingenfelter (1963). We must point
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out that this method can only estimate this ratio (R) since 
the carbon reaction is really a multi-channel reaction. We 
will assume that the protons from carbon come out with all 
energies between zero and Emax with equal probabilities.
This approximation is similar to the approximation used in 
the H(n,p)n' reaction.

The ratio (R) was calculated for three proton energies 
distributed over our measured energy range, 3.6 Mev, 11.1 Mev, 
and 20.2 Mev. The respective values for (R) were: 0.44%,
1.9%, and 3.1%.

The R value will be approximately equal to the error 
introduced in the unfolding process by neglecting the effects 
of carbon in producing protons. Since this error was found 
to be small (~<3%) with respect to the statistical errors in 
the experiment, we neglect it. However, we must point out 
that the ratio (R) increases with energy and that experi­
ments at energies beyond 30 Mev the error will be significant 
(-15% at 50 Mev) and must be considered in the spectrum un­
folding .

Zych (1968) experimentally found such a large effect 
for carbon at higher energies (12 - 100 Mev).
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APPENDIX G

THE CONTRIBUTION OF ALPHA PARTICLES FROM C12(n,a) REACTIONS

Since we measured the flux and energy spectrum due 
to neutral particles interacting with an organic to produce 
alpha particles, we will attempt a crude theoretical estimate 
of this effect. Kurz (1964) gives estimated cross sections
for the two possible alpha particle producing reactions,
12 12 9C (n,3a)n' and C (n,a) Be . The respective Q values,

threshold energies (E.) and maximum cross sections (a(max))T
are: -7.26 Mev, 7.9 Mev, 0.31 barns and -5.71 Mev, 6.2 Mev,

120.15 barns. Although the C (n,3a)n' maximum cross section
12 9is twice that of C (n,a) Be , Kurz considers the former 

cross section to fall more rapidly with energy until at 
En > 80 Mev, both are approximately 0.1 barns and constant.

The relative count rate of alpha particles to recoil 
protons of equal light outputs, i.e., equal /Ldt channel 
numbers, can be crudely estimated from the following relation:

R(yp) CS'cXcMn/jF

where R(a/p) is the ratio of the alpha particles count rate
to proton count rate at the same /Ldt light outputs. (dNa/
dE) and (dNp/dE)_ are the resultant alpha particle and 

a P
recoil-proton spectra evaluated at specific energies, £ ^  k. £ f •
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(dEn/dE)_ is the neutron spectrum evaluated at the par- 
En-»-oi

ticular energy required to produce the correct alpha particle 
energy.

The relation between the light yields from both 
protons and alpha particles is taken from Verbinski (1968) 
and is given in Figure 11.

The relationship between the energy of the incident 
neutron and the resulting alpha particle's maximum energy is 
calculated from the same relation used in Appendix F from 
Halliday (1955).

In particular, from the relation of Halliday we 
find that a 30 Mev neutron will produce maximum alpha par­
ticle energy of 22 Mev. From the graph of Figure 11 we find

22that this 22 Mev alpha particle will produce 6.4 Na light 
units which is equivalent to that produced by a 13.5 Mev 
proton. Therefore, we must compare the count rate of 22 Mev 
alpha particles to the count rate of 13.5 Mev protons. How­
ever, the alpha particles are produced by 30 Mev neutrons, 
while the protons are produced by 13.5 Mev neutrons. There­
fore :

R ^ ** 9 21 ***(Wtfp Ue) ef * a

2- Gf̂ Ce„ = /*• rMw) (jt tiHfa e) e* tl r**Y
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The carbon cross section was taken from the data of Kurz 
(1964) as 0.140 barns and the atmospheric neutron spectrum
was taken from the work of Hess et al. (1961).

12Since we have neglected the other C channel of
12C (n,3a)n', we expect that the above estimate of -6% must 

be a minimum estimate for R(a/p). A similar calculation 
involved 27 Mev alpha particles from 35 Mev neutrons and 
17 Mev protons from 17 Mev neutrons. This resulted in a 
ratio of * (7+3) 10 2.

The average measured flight ratio R was found to be 
-10% from Figure 12. Although this agreement is very good, 
we must point out that there are many sources of error in­
volved. Two of the most important are a (carbon) ar*d 
(dNn/dE).

However, if the carbon cross section is better 
measured, we feel that this method of comparing the ratio of 
alpha particles to recoil protons can be used to derive the 
atmospheric neutron spectrum.
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FIGURE CAPTIONS

Figure la. The cosmic-ray albedo-neutron decay model for 
the production of the inner-radiation zone (reproduced from 
Hess , 1968) .
Figure lb. The high-energy trapped proton energy spectrum 
m  the inner zone (reproduced from Naugle and Kniffen, 1961).
Figure 2. The approximate vertical intensities of cosmic- 
ray secondary components as functions of atmospheric depth 
(the solid curves (y,p,e) are reproduced from Rossi, 1952).
Figure 3. A comparison at high altitudes of three calcula­
tions of the neutron flux as a function of atmospheric depth 
with the experimental observations of Haymes (1964) (repro­
duced from Haymes, 1964).
Figure 4. Energy distribution of high-energy protons in the 
middle of the inner zone of the radiation belt. The solid 
curve is the theoretical spectrum expected from the cosmic- 
ray neutron albedo decay theory and the data are from Freden 
and White, 1960, (reproduced from Freden and White, 1960).
Figure 5. A comparison of cross sections for fast-neutron 
reactions used in detectors.
Figure 6. Light attenuation as a function of distance in 
plastic scintillators as seen with two types of cylindrical 
photocathode configurations, flat end and flat end with sides.
Figure 7. Charged-particle anticoincidence shield designs 
with hemispherical photocathodes.
Figure 8. Parallel sum and coincidence logic of the charged- 
particle shield system.
Figure 9. Data obtained with the PSD system of St. Onge 
and Lockwood (1968) showing particle separation for gamma 
rays, muons, and neutrons. The PSD system was inserted 
between the two components of a muon telescope with an AmBe 
neutron source near by. The upper diagram was obtained in 
coincidence with the y-telescope, while the lower was meas­
ured in anticoincidence.
Figure 10. A detailed, composite enlargement of Figure 9. 
Figure 11. Energy as a function of light output for gamma
et al. , 1968) . Our four i-armx cn-run p o m t s  unci , xxi , muBe
rays, protons, alphas
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and D,T) are also shown for gamma rays and neutrons.
Figure 12. Two-parameter (/Ldt x dL/dt) flight data taken 
from 16.4 Kft, 541 mb to 63.0 Kft, 62 mb.
Figure 13a. Block diagram of the complete logic system used 
in the balloon flight.
Figure 13b. Two-parameter (/Ldt x dL/dt) error-detecting
transmission scheme.

22Figure 14a. Na (1.28 Mev gamma ray) /Ldt calibration
228Figure 14b. Th (2.615 Mev gamma ray) /Ldt calibration

Figure 15a. AmBe (2.43 Mev gamma ray) /Ldt calibration
Figure 15b. (D,T) (14.1 Mev neutron ) dL/dt and /Ldt cali­
bration.
Figure 16. The /Ldt light output as a function of linear 
TMC channel number for the scintillator, preamp, amplifier, 
and linear routing logic system. These four data points 
were obtained from combining Figures 11 (Verbinski et al., 
1968), 14, and 15. This was used to correct for nonlinear­
ities in the integrated system.
Figure 17. The linear TMC channel number as a function of 
flight channel number for the dL/dt and /Ldt pulses. The 
flight PHA behavior is logarithmic for both parameters, 
dL/dt and /Ldt.
Figure 18. The count rate as a function of atmospheric 
depth for the three groups of scaled data recorded during 
the flight. None of these include the IFC count rate 
which was 3.4 counts/sec.
Figure 19. The /Ldt x dL/dt uncorrected data recorded 
during the flight from 40.0 Kft. to 63 Kft. The data 
located in the upper left-hand corner is the continuation 
from the upper right-hand corner. The integrated light 
output /Ldt is the horizontal axis.
Figure 20. The linear /Ldt light pulse spectrum from the 
in-flight calibrator (IFC).
Figure 21. The map of the flight trajectory for the balloon 
which was launched Sept. 7, 19 68, from Palestine, Texas, 
and impacted at Big Springs, Texas.
Figure 22. The assent pressure profile record of the bal­
loon flight from launch to float altitude.
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Figure 23. The /Ldt x dL/dt uncorrected data recorded 
during the flight from 15.4 Kft to 40.0 Kft.
Figure 24a. The uncorrected /Ldt flight recoil-proton pulse 
spectrum directly extracted from Figure 23.
Figure 24b. The /Ldt recoil-proton pulse spectrum from 
Figure 19. Figures 24 a and b can be compared for spectrum 
differences with altitude.
Figure 24c. The sum of the data in Figures 24a and 24b.
This is also the recoil-proton data of Figure 12.
Figure 25. The secondary alpha-particle pulse spectrum 
extracted from Figure 12.
Figure 26a. The uncorrected pulse spectrum directly extract 
ed from Figure 23.
Figure 26b. The corresponding spectrum from Figure 19. 
Figures 26a and b can be compared for spectrum differences 
with altitude.
Figure 26c. The corresponding spectrum from Figure 19.
Figure 27. The IFC /Ldt pulse spectrum taken during the 
assent of the balloon. The upper figure was taken from 
Figure 23 and the lower figure was taken from Figure 19. 
These IFC spectra cover all of the flight data used in 
the analysis.
Figure 28a. The recoil-proton spectrum calculated from 
Figure 24c and scaled to Pfotzer maximum.
Figure 28b. The proton spectrum of Figure 28a obtained
after applying an averaging relation N. = 1/2 N. + 1/4
<Ni+i + N.^) .
Figure 29. The final neutron spectrum at Pfotzer maximum 
unfolded from Figure 28b.
Figure 30. The secondary alpha-particle spectrum unfolded 
from Figure 25 and scaled to Pfotzer maximum.
Figure 31a. The final Compton electron spectrum at Pfotzer
maximum unfolded from Figure 26c.
Figure 31b. The smoothed Compton electron spectrum of Fig­
ure 31a after being averaged with the relation:
N± = 1/2 N± + 1/4 (Ni_1 + Ni+1).
Figure 32. The amplitude and slope as a function of energy 
for the neutron spectrum at Pfotzer maximum. This was de-
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rived from Figure 28b using the approximation:
dNn/dE = B(E)E"3(E).
Figure 33. The calculated equilibrium neutron flux versus 
energy at different atmospheric depths for geomagnetic 
latitude 44°. This figure is reproduced from Figure 1, 
p. 666 of Hess et al. (1961).
Figure 34. A comparison of three neutron spectrums at 
Pfotzer maximum (100 gm km ) and the theoretical source 
spectrum. (Reproduced from Hess et al., 1961)
Figure 35. Response of a composite detector to neutrons 
and gamma rays of various energies: Curve A, 0.5 Mev
electrons and 2 Mev neutrons; Curve B, 1 Mev electrons and 
3.3 Mev neutrons; Curve C, 2 Mev electrons and 5.4 Mev 
neutrons; Curve D, 4 Mev electrons and 8.8 Mev neutrons. 
This figure is reproduced from p. 31, Figure 5C of Mendel1, 
1963.

APPENDIX FIGURES

Figure A-l. The transmission characteristics of the dome- 
type charged-particle shields (reproduced from St. Onge 
and Lockwood, 1968b) .
Figure A-2. A schematic diagram of the PSD operations 
(reproduced from St. Onge and Lockwood, 1968a).
Figure A-3. The detailed PSD circuit diagram (reproduced 
from St. Onge and Lockwood, 1968b).
Figure A-4. The PSD mounted on printed circuit board using 
microstripe impedence matching techniques (reproduced from 
St. Onge and Lockwood, 1968b).
Figure A-5. A preliminary two-parameter (64 x 64) contour 
display of A^Be neutrons and gamma rays. The section denoted 
the /Ldt Co Compton edge.
Figure A-6. The section of Figure A-5 taken the /Ldt 
value corresponding to the Compton edge of Co . The"M" 
value is ~3.1. The "window" widths on the /Ldt section 
are 4 percent.
Figure A-7. A laboratory, preliminary two-parameter 
(64 x 64) contour display of Compton electrons, recoil 
protons and the IFC. The width of the dark bands are 
equal to one full width at half maximum (FWHM).
Figure A-8. The calibration data for the /Ldt flight channel
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widths in linear TMC units as a function of the flight 
channel number.
Figure A-9. The calibration data used to convert channel 
widths from Na light units to energy (Mev).
Figure A-10. The calculated correction factor (F) for 
second scattering and wall effects versus neutron energy.
Figure A-ll. The slope (“) of the recoil proton spectrum 
of Figure 28b obtained from the approximate relation: 
dNp/dE = A(E) E“a .
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