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ABSTRACT

Neutrons are produced in the atmosphere by the interaction of
cosmiceray particles with the nuclei of nitrogen and oxygen. The
density of these neutrons was determined experimentally by means of
jonization chambers filled with B mF3. B “F3. and argon. The ion-
ization current resulting from the B 1o(n.m)Li7 reaction was obtained
as a function of pressure altitude from 760 grams cm-d (8,000 £t ) to
6 grams o::.m-'d (115,000 ft ) in a series of balloon flights at a geomag-
netic latitude of 41°N. By comparing the current from the ionization

chamber to the counting rate of a B IOF proportional counter, when

3
irradiating the instruments with a thermal neutron source, an absolute
calibration of the icnization current in terms of thermal neutron density
was made.

The large volume of the ionization chambers (9 liters) resulted
in a significant reduction.of statistical errors relative to earlier bal-
loon flights. The small size of the flight units (3 kilograms) avoided
the problems associated with local neutron production and moderation
which are present in airplane measurements.

Theldata show a maximum in th.e neutron density of

4.8+ l.2x 10-7 neutrons em™ ata pressure altitude of 100 g em®

(53,000 ft ), a rapid decline above this altitude, and an exponential
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decrease below 250 g cm‘a with an absorption length of 165+ 20 g cm .
If the data are extrapolated to the top of the atmosphere by the use of
neutron transport theory, a value of 1.6 + 0.8 x 10“B neutrons cm‘3

is obtained. These results are in reasonable agreement with the work

of the New York University Cosmic-Ray Group (2, 3).
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1. INTRODUCTION

The half life of the free neutron is 12 minutes. For this .
reason, excluding the possibility of solar production, the free neutrons
existing in the atmosphere rmust be of local origin, i.e., either they
represent part of the fragmentation products of the incident cosmic
radiation, or they are the disintegration products of nuclei of the
atmosphere which have experienced interaction with cosmic radiation.

Within a few years after the discovery of the neutron in 1932
by Chadwick (5,6), cosmic ofay interactions were observed which were
ascribed to this new particle (7,8). Slow neutrons of cosmic-ray
origin were first detected by Flinfer (9) in 1937 using boron lined
counters. Balloon flights to measure the altitude dependence of slow
cosmice-ray neutrons were made by Korff in 1939 (10), utilizing BF,
filled proportional counters. Bethe, Korff, and Placzek (11) undertoock
the first theoretical tredtment of the altitude dependence of cosmic~-
ray neutrons. The analysis predicted a maximum in the cosmic-ray
neutron density at a depth greater tiqan 100 grams cm-& pressure
altitude (53,000 ft), and a rapid decline at higher altitudes. The
maximum was investigated by Yuan (1<) in several balloon flights
in 1948 and 1949. The geomagnetic latitude variation of the cosmiceray
neutron density was determined by Soberman (13) in a series of balloon

flights made from 1952 to 1954 at Rm = 89°N, lm = 55°N, and Am = 10°N.



During the winter of 1957-58, Hess, Patterson, Wallace, and Chupp (14)
measured the cosmic=-ray neutron energy spectrurn from thermal
energies up to 1 BeV using several types of detectors in a B-36 air-
craft operating at various altitudes up to 40, 000 feet (200 g cm-ﬁ).
Using a multiugroup diffusion theory approach, Hess, Canfield, and
Lingenfeltell' (4) extended the neutron energy spectrum up to the top of
the atmosphere and calculated the distribution of neutrons in space

near the earth. It was first noted by 5. F. Singer (15) and independently
by P. J. Kellogg (16) that the decay of these neutrons furnishes a
mechanism for injecting charged particles into the Van Allen Radiation
Bal;s. Lingenfelter (17), in an article to be published in 1963, has
surveyed the experimental results of all workers, and using the multi=-
group diffusion methods of reference 4, has calculated the production
rate of C H in the atmosphere by the NM(n.p)C 1S reaction.

A number of review articles on the subject of cosmic-ray
neutrons have been written: Bethe, Korff, and Placzek (11) in 1940,
Fluigge (18) in 1943, Bagge and Fincke (19) in 1950, Freese and Meyer
(20) in 1953, and Lingenfelter (17) in 1963,

The experimental results of this thesis constitute 2 measure-
ment of the density of cosmnic-ray neutrons throughout the atmosphere.
It is actually a measurement of neutrons with energies less than 10 keV,

since less than 1% of the counting rate of the detector is due to the



capture of neutrons with energies greater than this value. Itisa
measurement of neutron density, rather than neutron flux, due to the
1/v energy dependent character for the capture cross section of the

detector.



. THEOR ETICAL CONSIDERA TIONS
A proper starting point for discussion of the production,
slowing-down, and capture or decay of cosmic~-ray neutrons in the

atmosphere is the Neutron Transport Equation (21,22). Let

represent the number of neutrons at time t in the volume element dV
at the position r, with a speed between v and v + dv in a direction
lying within a solid angle d7 around the direction ".

The effects of gravity may be ignored for neutrons diffusing
in the atmosphere, and for neutrons with  energies greater than a few
eV diffusing out of the top of the atmosphere. Thus the motion of a
free neutron in the atmosphere, from creation to absorption or decay,
can be described in terms of a series of well-defined, randomly occurring
events. Between these events, the neutron proceeds with constant
velocity along an essentially rectilinear trajectory. Neutron-neutron
collisions may be ignored since the number of neutrons compared to thé
number of nuclei of air is insignificant (~10-&5 at 50,000 ft, where the
neutron density has its maximum value).

Therefore, for the neutrons in the atmosphere, an integro-
differential equation may be written, expressing the time rate of change

of neutrons at time t at the position r.
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Y (3'_'. vy, t)
= -v2 VY N(r,v,Qt) Neutron ''leakage!
1
i N(r,v.Q.t) Neutron decay
-'*’tvN(z'.v.Q. t) Scattering out plus absorption
+S(£,v'.g. t) Neutron source function
o] 4n
+ [av' [ an'g(v'ev,Q'<0)v'N(r, v',Q',t) Scattering in
o

(Egn. 2)

where T is the mean life of the neutron with respect to g -decay; Et is
the macroscopic total cross section (scattering out plus absorption),
and T (v'w,2'-2) dv dD is the macroscopic cross section for
scattering a neutron from the velocity element dv'dQ' 'into the velocity
element dvdQ; S(};.V,Q)dv df) is the number of neutrons per sec pér cm3
produced in the velocity element dv dQ at r.

All of the processes of neutron migration, scattering, and

absorption occur on a time scale short with respect to the time vari=-

ations of the source function to be éonsidered. Thus the equation reduces

to one of a ''steady-state'' nature. Egquating the removal processes to

the creation processes, one obtains:

vg- Y...N(E-' Vnz) + ;_1- N(‘El vlﬁ) + EtVN(‘r‘t V.B)

(o's) 4m
=5(r,v.Q) + [av' [ a0'B(v'ev,Q0)v'N(z,v'.Q").
o

(Egn. 3)



The half-life of the neutron is 11.7 + 0.3 min (23). This time
is quite long compared to the slowing down and capture time
for neutrons at sea level where this time is 0.15 sec, and even for
neutrons at 68, 000 ft (50 g cm‘é) where the time is 3 sec. Above this
altitude the neutrons may diffuse upward and escape into space, where
decay becomes the only removal process. Thus for the analysis of
neutrons. in the fmtmosphere. the process of decay will be ignored.

It is necessary to define these quantities: neutron density,
neutron flwt, and the neutron current.

The neutron density at the position r is obtained by integrating
N(r,v,Q) over all velocities:

o o) 4y
N(z) = [fav [ an N(z,v,7) . (Eqn. 4)
o

N(f) is the number of neutrons Cm-3 atr.

The neutron flux ie obtained by integrating vN(r,v,?) over all
directions: |

4
o(r,v) = [ an vN(z.v,Q) . (Egn. 5)

«{r,v)dv is the number of neutrons per sec with velocities between

v and v + dv that intercept a sphere of unit cross section area located

at r.

The neutron current is obtained by integrating QvN(z.v.Q) over

all directions:



an
rov) = r da Q vN(zr,v,0) . (Eqn. 6)

g(z‘.v)dv dA is the net number of neutrons per sec with speeds between
v and v + dv that cross a plane surface of area dA located at x,
and whose normal lies in the direction of J.

Since the atmosphere forms only a thin layer on the surface of
the earth, and as the slowinge-down and diffusion distances for cosmic=
ray neutrons are very small compared to distances over which geo-
magnetic variations of the neutron sources are significant, the density
rof neutrons depends only on the vertical pogition in the atinosphere.
it is convenient to express this in units of g cm'z mass of air overhead.

Integrating Equation 3 over all directions, making the trans-
formation of variables from r tox g cm'&. and noting that

vﬁ*lN(ﬁ.v.g) = ¥ -EQVNQ. v.g)'} , one obtains:

m g
Vo I(=.v) + S?tcp(x.v) =8(x,v) + [ av' S(v=v)olx,v') . (Eqn. 7)
o
Given the source function 5(x,v) and the macroscopic cross
sections 2t and T(v'-v), in principle N(x,v), op(x.v). and J(x,v) can
be obtained from Equation 7. For velocity dependent cross sections,
a straightforward solution of this equation is not feasible. Various

approximation techniques have been developed to render the equation

more tractable.



If J(x,v) is a slowly varying function of x, then the 'diffusion

approximation,
g’(x.v) = <D Y"P(xov) ’

can be made. The necessary criterion is that y_’cp(x,v) << ﬂ%‘ﬁ &
8
where hs = scattering length. For neutrons in the atmosphere, this
will be reasonably valid except near the boundary. The boundary
~ condition is discussed in Cﬁapter VI. Inserting the "'diffusion"
apprm;imatic:;ﬁ-in Equation 7, and noting that since x is expressed
in g cm-&. the diffusion coefficient, D, will be independent of position,
2 ‘ e )
DV “eo(x,v) + Ettp(x.v) = S(x,v) + r av' T(v'v)olx,v')
o

(Eqn. 8)
Hess, Canfield, and Lingenfelter (4) solve this equation numerically
by dividing the velocity spectrurn into a series of velocity intervals,
or groups, and using constant cross sections obtair_\ed by averaging in
the various velocity intervals, obtain a diffusion solution for each group.
The source of neutrons for a particular group, below coémic «ray
production energies and above thermal energies, is essentially the
neutrons scattered out of the next higher velocity interval. This
"multi-group diffusion'’ approach is more; satisfactocry than any of the

analytical approaches (11,18, 19,20), because it is easier to include

such effects as the variation of the scattering and capture cross sections



between the different groups, and it is possible to account for the finite
temperature of the scattering medium. ‘

In order to obtain a2 solution to Equation 8, the source function,
5(x,v), must be explicitly inserted >‘into. the equation. All solutions to
date have either restricted the range of applicability to those energies
below production energies, ‘or have introducgd an experimentally
determined function for 3(x,v). No attempt has been made to solve
the problem from first principles, i.e., given the incident cosmic
radiation and all applicable cross sections, calculate the distribution
of neutrons throughout the atmosphere.

It is possible, in the energy rar;ge below the free neutron
production energies (E <1 MeV), to make certain approximations and
obtain reasonable estimates on.most quantities of interest, such as
characteristic energies and lengths, without resort to computer tech-
niques. The methods and formulas used to calculate the following

numbers are derived in S. Glasstone and M. C. Edlund, The Elements

of Nuclear Reactor Theory (D. Van Nostrand, Princeton, 1952).

Quantities that are ﬁot too energy dependent can be estimated
by solving the "one=-velocity'' problem; i.e., by assuming that rmmono-
energetic neutrons are scattered or absorbed by nuclei of infinite mass.
The scattering cross section for thermal neutrons (E = 0.025 eV;

v=did.2x 105 cm aec-l) in air is 10.8 barns per nucleus and the absorption
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cross section for nitrogen is 1.9 barns (24). The diffusion coefficient
D in Equation 8 is equal to 0.9 g cm-& for thermal neutrons. The
mean free path for scattering is 2.4 g c:m-a and the mean free path
for absorption is 16 g cm-z. These quantities determine the distance
a thermal neutron will diffuse before absorption. The vertical com-
ponent-of the average  distance a thermal neuiron will diffuse before
absorption by the NM(n.p)C 4 reactionis 6 g cm-a. This thermal
diffusion and absorption will take place in a time of the order of 0.05
sec at sea level.

It is important to realize, however, that thermal c#pture
lengths and capture times are not the significant quantities for
cosmiceray neutrons in the atmosphere. This is so because the
Nm(n.»p)c W capture reaction removes the neutrons during the sAlowing-
down process before thermal energies are reached. Most of the
neutrons are knock-on and evaporation products of nuclei disrupted
by cosmic-ray interactions. Typically, the initial energies of these
neutrons range from a few hundred thousand electron volts up to
many million electron volts, and even as high as the energy of the
incident cosmic-ray particles. Below about 500 keV the neutrons are
slowed down principally by elastic collisions with the nuclei of air.
The Nlé(n. p)C - capture reaction raises the maximum in the differ-
ential energy flux spectrum from thermal energies (0.025 eV) to about

0.1eV.
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For s~wave (isotropic in the center of mass system) elastic
scattering of neutrons by nuclei, the average logarithmic energy

decrement,

E=ln -E-! ,
&
is independent of the kinetic energy of the collision. For air,
F = 0,136, This implies that 134 elastic collisions are necessary for
a 2 MeV neutron to thermalize. If these neutrons slow down in an

infinite nonabsorbing medium, they will have an energy spectrum of

the form:
5 )
o(E) e = .
If absorption occurs in the medium, this 1/E spectrum must be multi-

plied by an exponential term, referred to as the ‘'resonance escape

probability" (Za =absorption croas—section;i‘; scattering cross-section):

a
o dE!
e_r>(1153)=r — exp-J‘ 'E'}"
gEsA*'YEa}E B EF‘ +yE

(Egn. 9)

where Qo = neutrons cm  sec slowing down past the energy Eo'

and where £ and y have numerical values somewhat dependent upon

the assumptions made in the derivation as to the exact manner in

which the slowing-down process takes place. For air, § = 0.136 and

Yz 0.09-
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If the macroscopic cross sections for air are substituted in
Equation 9 and the integration carried out, a maximum at about 0.1 eV
is obtained for ®(E), the neutron flux. The multi-group diffusion

calculation of Hess, et al. yielded a l/Eo' "

neutron flux spectrum in
the range of 1 MeV down to 0.4 eV, with 2 maximum at 0.1 eV. It
appears that the thermal motions of the medium and the binding energies
of the molecules of air do not exert a major influence on the shape of
the energy spectrum; the shape of the spectrum is determined mainly

by the N14(n.-p)C o absorption (25).

The vertical component of the average digstance a & MeV
neutron will diffuse before it is slowed down to 0.1 eV is of the order
of 50 g cm-a. This occurs in a time of about 0. 15 sec at sea level.
Even at an altitude of 100,000 ft (10 g ™ pressure altitude), the
slowing down time is short compared to the mean life of the neutron
with respect to beta decay--15 seconds compared to a beta decay mean
life of 1013 seconds. Of course, at 100,000 ft there is a large prob-
ability that the neutron will diffuse out into space, whe.re beta decay
will be the only removal process. Lingenfelter (17) estimates that
the neui;ron source function should have a maximum at about 50,000 ft
(100 g ¢:m"2 pressure altitude), with an exponential absorption length
of 170 g crn-a below this altitude. Thus, because of the shért slowing

down distance, it follows that the density of cosmic~-ray neutrons should

-&
exhibit 2 maximurn at an atmospheric depth of 100 g cm  with an
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exponential absorption length below this altitude of 170 g cm-&.
Above a pressure altitude of 100 g cm.d. the neutron density should
drop rapidly toward small values because of the outward diffusion,
as is discussed in Chapter V1.

The free neutrons present in the atmosphere arise from several
sources: products of knock-on collisions of cosmice-ray nucleons with
the nuélei of the air, evaporation products from nuclei excited by
cosmic ray interactions, néutrons that arrive as bound nucleons in
cosmic radiation, neutrons produced by solar highr energy particles
interacting with the uppermost portion of the atmosphere (principally
at high latitudes during solar flares), and neutrons that are pro-
duced by charge exchange reactione in the chromosphere and corona
of the sun.

Hess, Canfield, and Lingenfelter (4) have estimated that the
maximum in the knock=on source spectrum occurs at 10 MeV, and
that the maximum in the evaporation source spectrum occurs at 1 MeV.
Fitting these spectra to the experimental data of Hess, et al. (4, 14),
Hess obtains the following ingegrated source values for Am = 45%

. = -
S(knock-on) = 1.2 neutrons cm  sec 1

- -l
S(evaporation) = 5,0 neutrons cm  sec .

The number of neutrons that arrive as bound nucleons in cosmic

radiation and are subsequently released in nuclear interactions can be
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estimated from the data of Anderson (26). The vertical cut-off for

hm = 41° is about 5 BV in magnetic rigidity units. Anderson obtains
for the integral flux in 1958, using the charge ¢omposition of Wadding=
ton (27):

Cosmic-Ray Flux (> 5 BV) = 0. 058 particles cm“z sr"l aec-l .

A summation of the bound neutrons in cosmicerays is carried
out in Table I. In order to obtain the bound neutron current incident
at the top of the atmosphere (bound_ neutrons cm sec-l). these values
must be multiplied by 2 number of the order 6:’ w (7 results for the
assumption of isotropy of the incident radiation over the upper hemi-
sphere).

-1

Bound Neutron Current Incident -
= 0. 07 neutrons cm sec .

at the Top of the Atmosphere

This number is small with respect to the total number of neutrons
produced by cosmiceray interacﬁons per cfn¢ column of air in the
atmosphere, and can therefore be neglected.

Simpson (28) has made an estimate of the triton production due
to the nuclear interactions of solar high energy particles in the atmose
phere. A similar calculation can be carried out for the production of
free neutrons in the atmosphere by the soiar high energy particles.
The number of neutrons produced per second average& over a solar

cycle can be determined as:
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TABLE 1

BOUND NEUTRON FLUX INCIDENT AT THE TOF OF THE

ATMOSFHERE AS DETERMINED FROM THE ELEMENTAL

ABUNDANCES IN COSMIC RADIATION

Flux>5 BV Average Bound Neutron
particles number Flux
cm”™ sr‘1 of neutrons cm~%
HElement Z sec” neutrons sr”* sec”
-k
Hydrogen 1 500 x 10 0 0
-4 -4
Helium 2 74 x 10 2 148 x 10
-4 '4
Light 3-5 1.7x 10 5.5 9x 10
- Fl -4 -4
Medium 6«9 4,7 % 10 6.5 31x 10
=i -4
Heavy 10-19 1.6 x 10 9.5 15 x 10
: . ) - -4
Very Heavy 40«28 0.6x 10 25 15x 10
«l =l -1 -4
Total number of neutrons ¢m 87 sec =218 x 10
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s =% [aEG_(E) n(E) 8(E) ,

3]

-l -1
where S = neutrons cm  sec produced in the atmosphere
.averaged over the earth and over the time
interval T,

G =% = conversion factor from omnidirectional intensity
in space to particle current incident at the top
of the atmosphere, ;

#(E) = the differential energy flux spectrum of the solar
high energy particles integrated over the time
interval T,

WE) = the number of free neutrons produced in nuclear

interactions due to an incident particle of energy E,

s(E) = the fraction of the earth geomagnetically allowed
for a solar high energy particle of energy E.

Interpretation and correlation of the data obtained by riometers
and neutron monitors installed in a number of ground stations, and by
particle detectors flown on ballecons, sounding rockets, and satellites
permit reasonably valid estimates (within a factor of two) to be made
for the flux of solar high energy particles since 195¢. H. I—I..Malitscm
and W. R. Weber (29) estimate that the time integrated omnidirectional
intensity of solar high energy particles (mostly protons) from 1956
through 1961 is 2.1 =x 1010 protons cm_a with energies greater than
30 MeV. Most of the solar flares generated protons with differential
energy spectra of the form IIE4 fpr energies greater than 100 MeV.

2.6

The time averaged spectra can be fit to 1/E for solar protons

betweoen 30 MeV and 100 MeV,
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The number of neutrons produced per incident proton can be
estimated from cosmice-ray data (30,31) and from a Monta Carlo cal=-
culation performed by the OCak Ridge National Laboratory (32). In the
energy range of 50 MeV to 200 MeV for the incident protons, the
average number of neutrons produced per nuclear inelastic collision is
observed to vary from 0.86 to 1.9. For protons in this energy range,
the mean free path for inelastic collisions in air is approximately 90
& et (33).

The fraction of the earth that is geomagnetically allowed to
solar protons of epergy E can be determined from the cutoff rigidities
calculated by J. J. Quenby and W. R. Weber (34). The valués obtained
in this manner actually form only a lower limit as abrupt decreases
in ’the geomagnetic cutoff have been observed coincident with the start
of the main phase of some geomagnetic storms. This breakdown of
the geomagnetic cutoff has been observed at Minnesota on several
occasions (35), but its relation to flare importance and heliographic
position, and the state of the interplanetary medium is complex. For
solar protons of energies of 30 MeV to 400 Mev; the allowed fraction
of the earth varies between 7% and 15%. The breakdown of the geo-
magnetic cutoff at high latitudes probé.bly does not increase the allowed
fraction by much more than a factor of 2, and then only occasionally.

If it-is assumed that the solar proton fluxes observed between

1956 and 1961 are representative of those to be expectied over an eleven



18

year solar cycle, then a time-and-global average of 0.05 neutrons
per second produced per cm“a _column gf air is obtained. This number
is roughly two orders of magnituﬁe lower than the number of free
neutrone produced by galactic cosmic=rays.

| The measurements of Meyer and Vogt (36,37) indicate that a
proton flux with a differential energy spectrum of IIEZ' in the energy
range of 80 MeV to 350 MeV is continually present in the primary
radiation in the years of high solar sunspot activity. This flux is
observed to decrease in intensity with the declining level of sunspot
activity, concurrent with the increase of galactic cosmic radiation.
Me;yer and Vogt interpret these measurements to mean that this low
energy l/E& proton flux is of sola;' origin. If protons are accelerated
to such energies in the chromosphere or corona of the sun, then most
certainly neutrons in this energy range are also produced there by
charge exchange reactions. The question as tc.a whether they would be
detected at the top of the atmosphere is only one of intensity. The
bet_a. decay process does not prevent these neutrons from arriving in
the vicinity of the earth: 34% of 100 MeV neutrons should not decay
during the sun-earth transit. It must be noted, however, that the
integrated intensity of these lr/E& solar protons is relatively low. Only
about 0.01 protons cmnd sr.l esec'.1 were observed. This IIEL flux,
averaged over a sunspot cycle, is at least one order of magnitude

smaller than the flux of solar flare particles in the same energy range.
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Cn two balloon flights flown at constant altitude through sunset, Haymes
(38) observed no high altitude neutron intensity diurnal variation. No
experimental evidence exists that indicates that the solar neutron flux
constitutes a significant source of free neutrons in the atmosphere.

The free neutrons measured in the work of this thesis are
principally products of knock=-on collisions of cosmic-ray nucleons
with the nuclei of the air and evaporation products from nuclei excited
by cosmic-ray interactions. The geomagnetic latitude of 41° has a
vertical cutoff of about 5 BV in magnetic rigidity units; only particles
from a few of the largest solar flares would be able to penetrate the
maénetic field and interact with the atrmosphere. It appears that all
other sources of free neutrons may be neglected at this latitude.

Hess, et al. (4) have estimated that of the total number of
cosmic-ray neutrons that are produced in the atmosphere, 76% initially
have energies below 1 MeV, 17% have initial energies between 1 MeV
and 10 MeV, and 7% have initial energies greater than 10 MeV. These
neutrons are removed by several processes: 66% are captured in the
N14(n.p)C b reaction, 16% are captured by other reactions, 17%
diffuse upward out of the atmoaphere, and less than 1% strike the earth

> and are captured.
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III. THE EXPERIMENT

The densgity of cosmic~-ray neutrons was derived from measure=

10 il

ments using ionization chambers filled with B F3. B F_, and argon

3*
gases. The jonization current resulting firom the Blo(n.m)Li7 reaction
in the BIOF3 chambers was utilized to detect the neutrons. The
BIIF3 and argon chambers xﬁonitored the background current due to
the ion’iziﬁg component of cosmic radiation.

The Blo(n.a)LiT reaction has a cross section of 3,813 + 50 barns
for thermal neutrons (for a neutron velocity of 4.2 x 105 cm sec-l,
which is the most probable velocity of neutrons in thermal equilibrium
at 20°C ). The uncertainty estiﬁated for the cross section results
partially from variations in the Blo isotopic concentration in natural
boron. Variations as large as 3% in the B“/Blo ratio of natural boron
have been observed in samples obtained fror_n different locations arcund
the world (39). Thode, et al. (39) have observed a variation of 0. 5%
in the lB“/I‘.’:10 ratio of California boron. It is unfortunate, from the
point of view of accurafe neutron measurements, that boron should
have such an appreciable variation in its isotopic concentration.
Furthermore, there exists the possibility of an unknown chermical or
physical separation of the isotopes during the process of the determina=-
tion of the isotopic ratio (40). The value of 3..813 barns quoted here

corresponds to a capture cross section of 755 + 2 barns obtained for a

10
sample of boron containing 19.8% B~ (<4). The error of + 50 barns
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assigned t6 the Blo(n.m)Li'7 reaction corresponds to the standard
deviation of the recent values detern.;ai_ned for natural boron as listed
by F. Ajzenberg-Selove and T. Lauritsen (41). Undoubtedly, part of
this variation is due to different isotopic ratios.

’ For incident neutrons of thermal energies, 94% of the
Blo(n.a)LiT reactions proceed via an excited state of Li7. a percentage
which does not change significantly in the energy rangeup to 10 keV
(42,43). The subsequent decay to the ground s‘tate of Li7 releases a
0.47 MeV y-ray. The ionization chamber is transparent to y-rays of
this energy, and this amount of energy is lost. The remaining 6% of
the Blo(n.a)LiT reactions p;'oceed directly to the ground state of Li7.

For this channel the entire Q=value of ¢4.79 MeV is available for

ionization.
TABLE IT
Reaction % Q-value
10 7 ) }
B (n,o)Li 5.8 + 0.1% 4.793 * 0.027 MeV
10 A
B (n.o)Li 94.2 + 0.1% 4.340 + 0.020 MeV
L17 + v 0.473 .-_I-__ 0.040 MeV

Thus the average energy available from this reaction for ionization
is 4.35 MeV. As for the energy to form an ion pair in BE‘3. the best

work seems to be that of Bortner and Hurst (44), who obtain a value



of 36,0 + 0.4 eV. This implies that, on the average, about ¢£5,000 ion‘
pairs are formed per neutron capture.
Not all of this ionization is detected by the electrometer unit in
the ionization chamber. If the recoiling reaction products impinge
upon the chamber wall, the residual energy will be expended there.
Some columnar recombination of electrons and ions will occur, par-
ticularly with the low electric fields present in the chamber (the total
potential difference, from the central collector to the spherical shell
of 13 cm radius, is less than 300 volts). The decrease in the collected
jonization current due to the wall effect is of the order of a few percent.
A comparison of the expected ionization current as calculated from
the observed neutron density to the ionization current actually measured
indicates that as high as 45% of the ionized atoms may experience
recombination. Thus an absolute calibration of the chamber response
to neutrons is necessary; it is not correct to assume that the 65, 000
ion pairs formed per neutron capture are collected with 100% efficiency.
That the reaction cross section is inversely proportional to the
velocity of the incident neutrons has been verified out to at least 100
keV (45). If the effects of self-shielding (see Appendix D) are neglected, |
then the 1/v dependence of the cross section has the property that
the counting rate of the instrument is proportional to the neutron

density. The counting rate is obtained by multiplying the macroscopic
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capture cross section by the chamber volume V, ‘and by the neutron

flux, and iniegrating over all velocities.

)
C=[ avz (v) Vol(v) .
o
noc v
Since ‘E‘.a(v) = and ¢(v) = vN(v) ,
(& &]
therefore C = MOVOV r dv N(v) .
o

10 «3
(n =B nuclei per cm™; g = capture cross section at a neutron

velocity of vo.)
e}
As r dv N(v) is just the number of neutrons per cm.3. the counting
o
rate is propertional to the neutron density, independent of the form of
N(v), the differential velocity spectrum for the neutrons.

Apart from fission reactions, there are only eight cases in which
thermal neutron absorption results in appreciable formation of two
charged particles (46). In principle, any compound of these nuclides
exiating in a gaseous state couid be used for detecting thermal
neutrons in an jonization chamber. In practice, however, undesirable
physical and chemical properties restrict the number of available
compounds. With regard to the Blo(n.a)Li7 reaction, both BF3 and
B(CH3)3 have been successfully used in proportional counters (47).
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TABLE III
SLOW NEUTRON REAC TIONS

WHICH YIELD CHARGED PARTICLES

3 3 1

He +n=H +H + 0.74 MeV o(thermal) = 5,400 barns
.Ll6 +n= Heh' + H3 + 4,66 MeV o(thermal) = 940 barns
Be7 PREY al 4 1.65 MeV o(thermal) = 51,000 barns
'310 +ns= Li7 + I--It-:,4 + 2.88 MeV o(thermal) = 3,800 barns
N14 +n= 14 + I—Il + 0.56 MeV o(thermal) = 1.8 barns
0” +n= C.l4 + He4 + 1.74 MeV o(thermal) = 0.5 barns
g33 +n=p> +u' +0.75 Mev of{thermal) = 0.00< barns
61" +as s3% +u! s0.6 MeV o(thermal) = 0.3 barns

The experimental data of this thesis were obtained by attaching

to balloons ionization chambers filled with BIOF3. BHFB' and argon

gases, and by recording the chamber currents as the balloons i-ose
.through the atmosphere. Transmitter units fastened to the chambers
telemetered the chamber currents to a receiving station on the. ground.
:I‘he ionization current resulting from the B 10(1’1.::1)]..17 reaction was
utilized to measure the density of the cosmic-ray neutrons. The
BllFa and argon chambers determined the background current in the
510?3 chambers due to the ionizing component of cosmic radiation.

Table IV gives a synopsis of the balloon flights.
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TABLE 1V

SYNOFS5IS OF BALLOON FLIGHTS

Flight Date Chamber Gas Pres. Measurement
1 15 Nov 61 335 Argon 8atm  Cosmic-ray ionization
10
2 6 Feb 62 321 B F3 latm  Cosmic-ray neutrons
279 B11F3 latm  Background
3. 6 Feb 64 375 BmF‘3 0.5 atmm Cosmic-ray neutrons
347 Bu}?s 0.5 atm Background
4 4 July 62 315 Argon 8atm Cosmic-ray ionization
5 5 July 64 283 BmF‘3 0.5 atm Cosmic-ray neutrons
366 B11F3 0.5 atrm Background
6 6 July 64 &7l BwE‘3 0.5 atm Cosmic-ray neutrons
343 Argon 8 atm Cosmic-ray ionization
7 2é Oct 62 309 B10F3 0.5 atmm Cosmice-ray neutrons
257 BmF‘3 0.5 atra  Transmitter failed
8 23 Cct 62 379 B1°F3 0.5 atm Cosmic-ray neutrons
10

B F, 0.5atm Low altitude cosmic=
ray neutrons (High

sensitivity
electrometer)
9 45 Cct 62 286 B“'}E‘3 0.5 atmn Radioactivity from
bomb test debris
404 Argon 8 atm Radiocactivity from

bomb test debris
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The small ionization currents present in the chambers (10-14

to 10-“ amp) limited the amount of data that could be obtained on a
single flight. The results of the nine balloon flights indicate that the
intensity of cosmic-rays incident at the geomagnetic latitude of 41°N
did not change by more thén 1% from Nov. 15, 1961 to Oct. 25, 19464,
This fact is verified by thg counting rates of the neutron monitor at
Climax, Colorado (km = 48°N) , which exhibited variations in the
monthly averages of about + 1% during this period (48). This constancy
of the incident primary radiation allows the data from the different
flights to be collected together in the analysis. From the data obtained
on the nine flights, it is possible to construct a single curve for the
Blo(n. W)Li7 jonization as a function of pressure altitude. The manner

in which the data from the BIOF chambers are corrected for the

3
ionization due to the ionizing component of cosmice-rays is described
in Chapter V. A calibration was performed, relating the B 10F3
ionization chamber current to the density of neutrons in the vicinity
of the chamber. Thus, from the flight data and the calibration results,
the density of cosmic-ray neutrons in the atmosphere can 'be determined
as a function of pressure altitude.

The construction and operation of the ionization chambers is
described in Chapter IV. The construction and operation of the
electrometer units for measuring the ionization chamber currents

is described in Appendix B, The preparation and purification of the

BF ; is described in Appendix C.
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FPrior to flight, the chambers were attached to transmitters,
and were normalized in a flux of y-rays producing a known ionization
in air. An explanation of the normalization procedure is given in
Chapter V. Thus, in the absence of slow neutrons, the BIOE‘S. B”F‘3.
and argon chambers would all register the same numerical value.
This value corresponded to the number of ion pairs cmm3 Eiesc-1 that
would be produced by the y-ray flux in air at a pressure of 74 cm Hg
and a temperé.ture of 24°C. This nonstandard condition for ;ir was
chosen so that the ionization values obtained on the balloon flights
would be directly comparable with the earlier work of the cosmic-ray
‘group at the California Institute of Technology (26,49, 50).

In Chapter V and in Appendix E, the flight data are initially
reduced in terms of '"equivalent ion pairs.' This unit, in the absence
of slow neutrons, is just the quantity described in the preceding para=-

-1
a

graph, "'ion pairs cm-3 sec tm-l." In the presence of slow

10
neutrons, the B F_ chamber will indicate a higher ionization than

3

1 10
the Bl F, or argon chambers, due to the B (n.a)bi7 reaction. This

3
excess ionization is then related to the neutron density (neutrons cm-a)
by comparing the ionization current of the chamber with the counting
rate of a calibrated B mF 3 proportional coﬁntar.

The transition from ""equivalent ion pairs' ionization due to

the Blo(n.o')Li7 reaction to neutron density was accomplished by means

of an absolute calibration. A 10 mCi Ra-w-Be neutron scurce
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(o + Be9 - C e +n + 5.7 MeV) was positioned against a concrete wall,
and 40 cm of lead were placed in front. The entire assembly (front,
top, and sides) was covered with 13 cm of paraffin to thermalize the
neutrons, Figure £ is a drawing of the calibration geometry. Both

the ionization chamber and a B IOF proportional counter of known

3
10 7 .

cross section for the B~ (n,o)Li’ reaction were placed in front of the

calibration assembly. From this calibration, a value for the neutron

density N in terms of the ionization chamber current I(n), expressed

1
in "equivalent ion pairs,' due to the B o(n.or)Li7 reaction was obtained.
N (neutrons cm ") = 2.6 +0.5x 10 " I(n) .

The analysis of the calibration data is undertaken in Chapter V.

An intercomparison of standards was made in the calibration

1 .
facility used by Hess, etal. (14,51). The BIOFB proportional counter

used as the calibration standard for this experiment (Reuter-3tokes

RSN 40A Counter #C -894 filled with 96% Bm? to a pressure of 40

3
cm Hg) was placed in a concrete blockhouse and irradiated with a
known thermal neutron flux. The manufacturer's stated counting rate
of 2.0 counts Bec-l per unit thermal neutron flux, when converted to
a reaction cross section, agrees within 1% of the Bw(h.ry)Li? cross
section value for thermal neutrons of 4, 14 c:ma obtained in the

Lawrence Radiation Laboiatory facility.

} I am indebted to H., W. Patterson and A. Smith of the Lawrence
Radiation Laboratory, Berkeley, Calif., for the calibration of the BE‘3
counter in their laboratory.
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The) transmitter units used for relaying the flight data back to
the ground station broadcasted a chain of 1 watt, 100 psec pulses at
a frequency of either 156.3 Mc or 159.3 Mc. In addition to encoding
the signal irom the ionization chamber electrometer, a transmittexr
unit also contained a device for measuring the barometric pressure
(52), and on one flight a temperature sensor. A 300 volt battery and
a 1.5 volt battery supplied electrical power. The batteries subtended
a solid angle of less than 5% of 47 with respect to the ionization
chamber. The operation of the transmitter unit is described in detail
in reference 46.

The entire flight package was wrapped in red cellophane to
keep the equipment warm (2 1a greenhouse effect) during the two hour
ascent to maximoum altitude, at which point the balloon would burst.
The flight unit was attached to a paper parachute (53) by means of a
20 ft line of nylon cord. For flights where two instruments were
carried aloft by a single balloon, the instruments were attached to
a common tie point by lines of different lengths. The parachute was
tied to the balloon by a 70 ft line. A long line was used to minimize
the solid angle of the balloon with respect to the instruments. A launch
line was attached to the neck of the balloon. The launch line enfabled
the flight train to be launched by two people in winds up to a few knots.
Cne person would slowly reel out the launch line, while the second

person would stand under the balloon holding the flight units. When
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the units cleared the ground, the launch line was cut. Since the balloon
and the flight train were aligned on a vertical axis, they would rise
together and the flight units would clear the ground. See Figure 3 for
a diagram of the flight train at launch. As the maximum weight of the
flight train was two units of ¢ lbs each and the balloon did not float at
maximum altitude, no clearance was needed frorp the Federal Aviation
Agency (54).

The balloons were manufactured by the Dewey and Almy
Chemical Division of W. R, Grace and Co. (55). They are made from
a rubber -like rmaterial called DAREX. The balloon film has an initial
thickness of approximately 0.0035 inch and a thickness at burst of
approximately 0.0001 inch. Itis an extremely fragile material, and
a slight surface abrasion caused by handling can impair performance
seriously. The material will discolor within # hour after exposure
to direct sunlight, although the manufacturer states that discoloration
should not affect performance. The balloons were manufactured less
than 6 months prior to the launch date. Just before inflation, the
balloon was carefully removed from itas shipping container, and placed
on a large plasﬁc sheet. The hands and arms of the person handling
the balloon were dusted with talc. A hose from the helium tank was
inserted in the neck of the balloon and inflation initiated. When the
balloon would just lift 2 set of weights equal to the weight of the flight

train plus the desired net iree lift, inflation was halted, the neck of the
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balloon was tied off, and launch and load lines were attached. Typical-
ly , a net free lift of l to £ lbs resulted in a rate of rise of 600 to 1000
ft per min.

On flights 1 through 3, Darex J11-248-2400 balloons were used.
They require roughly 250 cu ft of helium to lift a flight load of 7 lbs
with.a net free 1lift of 1 1b. They have a diameter of B8 ft at inflation and
a diameter of 40 ft at burst altitude. The manufacturer quotes an
expected burst altitude of 115,000 ft (6 g cm-‘:) for a payload of 7 lbs,
The maximum height actually attained was 90, 000 £t (16 g cm-&).

On flights 4 through 9, Darex J11-42-7000 balloons were used.’
They require roughly 500 cu ft of helium to lift a flight load of 13 lbs
with a net free lift of 11b. They have a diameter of 10 ft at inflation
andAa diameter of 60 ft at burst altitude. The manufacturer quotes an
expected burst altitude of 124,000 ft (4 g cm-é). The maximum height
actually attained was 120,000 + 5,000 ft.

Several factors en'tered into the determination of the balloon
launch site. Since the transmnitters operate in the VHF frequency band,
essentially line~of -gight transmission is required between the flight
train and the receiving station at the launch site. Radios operating in
this frequency range are also susceptible to spark noise from auto-
mobile engines. FPrudence dictates that the equipment should not be
launched into heavily trafficked air lanes, nor should the equipment be

expected to land in densely populated areas. The site should be
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accessible on a year-round basis, and high winds are not permissible.
After consideration of all of these factors, a launch site was
selected # mile ENE of the giant rock located at Giant Rock Airport,
Yucca Valley, California (34° 20'N, 116°* 23'W). This site (elevation:
2, 880 ft) bas unlimited visibility to the east and reasonably good visi-
bility in other directions. An ungraded road dead-ends at the site,
and no other roads or houses are located within half of a mile. The
airport at Giant Rock is FAA certified for emergency landings of
commercial airliners, and the air traffic amounts to about one light
plane per day. The site is located on private property (George Van
Tassel is the present owner), adjacent to the 29 Palms Marine Base.
The weather is representative of that to be found in the California high
desert. A typical day might encounter low winds (less than 5 knots)
in the morning hours, with winds of increasing velocity and gusts up
to 30 knots in the afternoon. Only on one day was a balloon launch

canceled on account of winds.
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Iv. THE INSTRUMENT

The Neher integrating ionization chamber has been descﬂbed
in the literature (26, 56,57, 58,59). The basic elernents are a spherical
shell, a central electrically isolated collector, conductors at auxiliary
potentials, and a quartz fiber recharging assembly. The mechanical
sy stem exclusive of the spherical shell is referred to as the "quartz
electrometer unit.'' Figure 4 is 2 drawing of the guartz electrometer
unit.

The quartz electrometer unit in the ionization chamber is
capable of measuring a current of 10'13 amps with a precision of 1%
by integrating the charge collected over a périod of 30 minutes. The
electrorneter unit performs a current measurement in a period of tir;w

which is inversely proportional to the current

o Calibration Constant
-At = I L

The lower limit for current measurements is determined by leakage
currents, and is probably lower than 10-15 amps. The upper limit

is determined by the natural frequency of oscillation of the quartz {iber,
and is of the order of 10‘8 émps. The limiting factor for the sensitivity
of the measurements rade with an ionization chamber is the background
current due to alpha particle emission from the walls of the chamber.

-14
This may run as high as 10 amps.
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The electrometer action of the unit results from the capacitive
coupling between the fiber and the lower end of the ceollector. When a
differential voltage is generated between the fiber and the electrically
isolated collector (due to the collection of electrons by the collector),
then the resultant electrical force will displace the fiber. rDue to the
mechanical restoring force of the fiber, a new position of equilibrium
will be attained for a certain range of fiber-to=collector differential
voltages. The electrometer unit is so designed that at a preadjusted
fiber =to-collector voltage, the fiber makes electrical contact and
recharges the collector; the resulting current pulse is used to detect
the occurrence of a recharging cycle. An analysis of the recharging
mechanism and a prescription for satisfactory construction of the
electrometer unit are given in Appendix B.

When operated 2s an ionization chamber, the fiber-to-collector
differential voltage increases with time due to the collection of
electrons by the colle'ctor. Thus in a constant flux of charged particles
the charcber recharging pulses occur at regular intervals, with a
statistical variation of the order of 1% resulting from the finite number
of particles interacting in the chamber (roughly 1'34 per pulse), and a
systematic variation of the order of 0. 3% arising from irregularities

in the amount of charge transferred to the collector during a chamber

pulse.
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For this experiment the electrometer unit was installed in a
steel spherical shell of radius 14.8 cm and a wall thickness of 0.065
cm. The shell was given a 0.002 cm copper plating, and the outside
was painted with Krylon paint. The total wall thickness was about
0.5¢g cm-‘.

The electrometer unit was sealed into the shell, and the entire
assambly was filled with a gas. For méasurement of the ionization
due to the charged particle and y~ray flux of cosmic rays, argon gas
at 8 atmn pressure was used. For measurement of the density of
cogmic ray neutrons, BIOE‘S gas was used in which ionization occurs
due to the B lo(n,rr)Li7 reaction. B“E‘3 gas was used to determine the
background to the B 1O(n.w)l.ai-’ reaction in the B 105‘3 ionization
chambers.

The purification of the boron trifluoride and the filling of the
jonization chambers are described in Appendix C. Varicus tests were
performed to insure proper operation of the ionization chambers.
Undoubtedly a certain amount of electron-ion recombination occurs in
the chamber, The density of free electrons and ions along the track
of the ;'ecoiling products of the Blo(n,rx)Li7 reaction is very high, and
these electrons and ions can combine with each other, particularly if
the track lies along the direction of the electric field between the central
collector and the chamber wall. This type of recombination is referred

to as columnar recombination. Volume recombination will also occur
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if electrons and ions resulting from different capture reactions combine.
Both columnar and volume recombination will depress the total chamber
current that is collected by the electrometer unit. Neither of these
recombination processes will affect the values obtained for the neutron
density to first order, since the absolute calibration was performed by

using a BF_, proportional counter to sample the neutron density in the

3
vicinity of the chamber. However, there are three second order effects
oi recombination that must be investigated: the temperature dependence
of the ionization chamber current, the collector voliage dependence of
the ionization chamber cﬁrrent. and nonlinearities in the chamber
response to variations of @he incident neutron flux (i.e., does the
ionization current increase by a factor of 10 when the incident neutron
flux increases by a factor of 10).

Several chambers were cycled through the temperature range
from 45°C to 70°C in order to determine the temperature dependence
of the ionization current. The chambers were irradiated with thermal
neutrons or y-rays, and the ionization current was recorded as a
function of temperature. The temperature coefficient for the two BF3
chafn‘bers tested was about the same for either source of ionization,
and was less than 0.05% per *C. The BE‘3 chambers indicated an

apparent increase in ionization current with increasing temperature.

In general, the argon filled chambers showed an apparent decrease in
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ionization current for increasing temperature. The temperature coef-
ficient was less than 0.0424% per °C for the better argon filled chambers.

The temperature of the flight unit was moni tored on Flight No.

5. The pressure sensing element normally present in the transmitter
unit (2 variable resistance device: 20 MQ to 80MQ) was replaced by a
thermistor circuit. The resistance of the thermistor circuit decreased
in value with an increase in temperature. This resistance determined
the pulsing rate of the transmitter. The time between transmitter
pulses varied from 2.4 sec at 0°C to 0.5 sec at 50°C. The temperature
sensing circuit is shown in Figure 5. The temperature of the flight

unit during Flight No. 5 as a function of pressure altitudé and time of
day is given in Figure 6. The accuracy of the temperature measure-
ments was probably better than + 5°C. The tarhperature on this flight
ranged from 24°C to 47°C. Over this temperaturé range, the calibration
of the ionization chambers should chaﬁge less than 1%.

The dependence of the ionization current on the cecllector re-
charging potential was investigated. Several chambers were filled with
argon to a pressure of 8 atm and the collector potential varied from
100 volts to 1600 volts. Above 200 volts most of the ionization chambers
exhibited a collector voltage dependence of 0.001% to 0.002% per volt.
Chamber No. 375 was successively filled with a'rgorx and BF3 to different
pressures. Above 300 volts the voltage coefficients observed were

0.001% per volt for argon pressures of both 1 atm and 8 atm, 0.004%
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per volt for BF_ at a pressure of 372 mm Hg (0°C), and 0.012% per

3

volt for BF ; at a pressure of 682 mm Hg (0°C). In all cases an increase
in the collector potential resulted in an apparent increase in the ioniza-
tion current. The curves for Chamber No, 375 are shown in Figure 7.
The 300 volt batteries used for the chamber collector potential are

very stable and could be expected té driftlonly a few volts during the
flight. It appears that fluctuations in the ionization chamber collector
potential should account for less than a 1% error in the measured
ionization currentes (both . for the argon chambere, and also for the
BF, chambers filled to a pressure of 380 mm Hg _(O’C)).

The presence of volurne recombination of the ionization producéd
in the BFB gas was investigated. Columnar recombination decreases
the percentage of ions and electrons collected from a given particle
track, and thereiore decreases the total number of ions and electrons
collected by an amount related to the specific ionization. While
columnar recombination changes only the effective calibration of the
ionization chamber, the presence of volume recombination introduces
nonlinear effects. Since volume recombination involves recombination
of ions and free electrons produced by different particle tracks in the
chamber, the loss of ionization, at least in the simple theories (60),
is proportional to the square of the ionization density in the gas. Thus,

volume recombination is more effective in depressing the ionization

current at high levels of intensity, and tends to reduce the ratio of
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maximum to minimum ionization currents cbserved. To determine the
importance of volume recombination, the response of the chambers to
several radiocactive sources was measured, both individually and col-
lectively, at various levels of ionization ranging from a fraction to
several times the ionization values encountered on the balloon flights.
Both y~ray and thermal neutron sources were used. The ionization
values measured for the sources used in various combinations were
strictly additive. In no case did the recombination effects prove to be
greater than 1%.

On the basis of semi=-theoretical arguments, volume recom-
bination effects should be small. The experimental data of J. A.
Bistline (61) indicate that, for the electric fields present in the
_1onization chamber, electron attachment to form negative ions should
occur within one cm of the location of the ionizing event. Since ion-ion
recombination ig much more probable than electrone-ion recombination
(62), any volume recombination effects must be ascribed to ion-ion
recombination. The recombination rate in BF3 at 380 mm Hg pressure
can be estimated from the three~body recombination theory developed
by J. J. Thomson (62). Less than 0.1% of the ions should recombine
by this process.

The pressure of BE‘3 to which the ionization chambers were
filled was determined as a2 compromise between two quantities: a high

10 T -
counting rate and a large ratio for the B~ (n,a)Li  ionization to that
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due to the ionizing component of cosmic-rays. The ionizing component
of cosmic-rays generates an ionization roughly proportional to the gas
pressure in the chamber. Due to self-shielding and recombination
effects, however, there is an optimurn filling pressure for the ioniza~-
tion current firom the Blo(n. a)Li7 reaction. The average path length

through a spherical chamber is 2 R. For a chamber of 13 cm radius

3
filled to a pressure of 1 atm (S.T.P.) of BF_, enriched in the Blo

3
isotope to 96%, 73% of a therrnal neutron flux will be absorbed in

traversing this distance. The maximum in the cosmic=-ray neutron
differential energy spectrum occurs at 0.1 eV. About 50% of this flux
will be absorbed in traversing the chamber. Thus, the optimum filling

pressure is of the order of 1 atm of BE‘3.
0
Flight No. 4, consisting of one B1 F3 and one B“F3 chamber,

10
determined the ratio of B™ (n, o:)Li7 ionization to cosmic=-ray ionization

for chambers filled with BF, to a pressure of 1 atm (S.T.P.). Flight

3

11
No. 3, consisting of one lf.’:“:’}?‘3 and one B F3 chamber, determined

0
the ratio of Bl (n.cv)Li7 ionization to cosmic-ray ionization for chambers

filled with BF_ to a pressure of 0.5 atmm. The ratio at 100 g cm-&

3
pressure altitude for the 1 atm chambers was 0.45. The ratio at 100
g cm-d for the 0.5 atrn chambers was 0.77. All of the subsequent

flights were made with chambers filled with BE‘3 to a pressure of 0.5

atm (380 mam Hg at 0°C) because of the more favorable ratio.
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The balloons rose through the first 400 g cm—& of the atmosphere
(pressure altitude range of 760 g cm.‘a up to 360 g cm-d) in about 20
minutes (tirne to 25,000 ft). The low density of cosmiceray neutrons
in this pressure altitude range did not allow measurement of the
B w(n.a)Li? ionization current with the electrometer unit described in
Appendix B. The measurements in this pressure range were accomplished
by the use of a high=-sensitivity electrometer unit designed by H. V.
Neher (63). This electrometer unit has an auxiliary potential that can
be set to make the unit much more sensitive than the standard elec-
trometers. In all other respects--construction materials, design
geometry, fiber size, etc.~~-the high-sensitivity electrometer unit is
similar to the standard electrometer units. An increase in sensitivity
of a factor of 40 was obtained by adjusting the auxiliary potential to a
value approximately equal to the central collector potential plus 130 volta.A
Unfortunately, the calibration of the high-sensitivity electrometer unit
is voltage dependent because of the introduction of the additional
potential. In the laboratory the chamber calibration would fluctuate by
about + 10% over a period of a few hours. On Flight No. §, one of the
high-sensitivity electrometer units was used to measure the current ip
a BmF3 ionization chamber. The unit was calibrated in flight by com-=
paring the electrometer pulsing rate above a pressure altitude of 400 g

- 10
cm “ with the pulsing rate of a standard B F‘3 jonization chamber.



V. ANALYSIS AND COMPARISON OF THE DATA
The analysis of the balloon flight data involves the extraction

of the Blo(n.a)Li7 ionization current from the total current of the

B 10}5‘3 ionization chambers. To first order, it is only necessary to

measure the ionization currents from both BmF ar_xd B HF charmnbers,

3 3
subtract the latter from the former to obtain the B 10(n.a«)L!.7 ionization

current, convert the Bm(n. a)L17 ionization current into the neutron
density by means of a calibration, and then determine the neutron density
as a function of altitude from the pressure record obtained during the
balloon flight.

There are factors that somewhat complicate the analysis pro-
cedure outlined in the foregoing paragraph. The B mFs and B “FB

gases, as procured from the Oak Ridge National Laboratory (see

Appendix C), contain an admixtare of the other isotope. The BwF

‘ 1
gas contains a 4_-!:} °/o admixture of B 15'3; the BHFS gas contains

3

an lrl_ i—é‘%admixture of B 10? The ionization current obtained by

3'
11

subtracting the data of the B" F_, chambers must be multiplied by 1. 129

3
to correct for the boron isotopic admixture. Self-shielding effects,
that is, the attenuation of the incident neutron flux while traversing
the chamber, must be taken into account. The self-shielding calculation

of Appendiz D requires that the neutron density data be multiplied by

-2
1.166. Below a pressure altitude of 260 g em , no data were obtained
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11
from the B F3 chambers because of the low ionization currente
present. The current due to the ionizing component of coamic-rays

below 260 g cm”™“ was determined from the argon chambers.

Ionization Units and the Relative Calibration

Frior to flight, the chambers were attached to transmitters,
and were normalized in a flux of y=-rays producing a2 known ionization
in alr. The chamber elecirometer assembly automatically recharges
after 2 time interval inversely proportional to the ionization induced
in the chamber by the incident flux: At =¥ . The time interval between
thQse"reéharging pulses, when the chamber is placed in the y-ray flux,
deterrﬂines the calibration constant K. The numerical value for the
ionization current in the presence of the calibration ye-ray flux is chosen
to correspond to the number of ion pairs ¢:m-3 etec:-l produced by that
flux in air at 74 cm Hg and 24°C. This unit of ionization, "‘ion pairs
cm-3 laec-1 atm'l.” enables a direct comparison of ionization values
to be made with other balloon programs of the cosmice-ray group at
the California Institute of Technology (26,49, 50). Using this calibration
procedure, the BmFs, B“FB' and argon chambers will all yield the
same numerical value for the ionization current due to the ionizing
component of cosmic-rays. The Blo(n.cr)LiT ionization generated in

11

the BmF‘ chamber, and to 2 lesser extent in the B F3 chamber

3
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10
(because of the 11% admixture of B F3). increases the ionization

0
current readings of the B:l F3 and Bu‘.'?3 chambers with respect to

the argon chambers during the balloon flights. For this reason, the

jonization currents in the B 'IOE‘B and B“FB chambers are measured

in units of ''equivalent ion pairs,' a quantity that reduces to ''ion pairs
- -1 -
cm 2 sec  atm L. in the absence of a slow neutron flux. The argon

chamber data can be recorded directly in terms of ""ion pairs cm

-1 -1

sec atm ."

Definitions

It is convenient fo define the following quantities for the
analysis of the balloon flight data.

I(n) is defined as the ionization current due to the reaction

Blo(n.a)Li7 + 4.35 MeV in a BF_ chamber enriched in the Bm isotope

3
10
to 96% (96% B~ F ).

I(c.p.)s where c.p. ® charged particles, is defined as the

ionization current in the BF , ionization chambers due to the ionizing

3
10
component of cosmic-rays. (I(c.p.) is exactly the same for B E‘3

chambers as for B“FS chambers.)
0

I(Bl FS) is defined as the total current in a chamber containing

BmE‘3 at an isotopic concentration of 96%.

I(BIDE‘S) =I(n) + c.p.) .
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11

(B F3) is defined as the total current in a chamber containing

B “F3 at an isotopic concentration of 89%. (The B mF3 concentration
is 11%.) Therefore,

1%

369, I(n) + I(c.p.) .

(B ! 1F3) =

I(Argon) is defined as the ionization current in a chamber
containing argon. As will be shown from the flight data, and as is
indicated on theoretical grounds, within 10%,

I(Argon) = I(c.p.) .
10 11
A measurement of the currents I(B FS) and I(B FS) permits

the determination of I(n) and I{(c.p.).

I(n) = 1.129 [I(BloFs) - I(B11F3) ]

c.p.) =1.129 I(B“E‘s) - 0.129 I(BIOF3) ;

Absolute Calibration

The conversion of the Blo(n. a)Li7 ionization current data into

a measure of the neutron density was determined by an absolute cali-

wF ionization chamber and a calibrated BloF propor=-

bration. A B 3 3

tional counter were irradiated with a thermal neutron flux as described

in Chapter IIl. Figure 2 is a drawing of the calibration geometry. The
10

jonization current of the B Fs chamber was measured in units of

"equivalent ion pairs.'' A subtraction was made for the current due to

’

the ionizing component of the background radiation. The counting rate

of the calibrated B 105‘3 proportional counter was measured by amplifying
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the pulses to a maximum voltage of 90 volts and counting them in a

PENCO PAe«4 FPulse Height Analyzer. Measurements were taken with
1

the counter placed directly in front of the B 0F3 ionization chamber,

10
placed directly behind the B F, ionization chamber, and inserted into

3

’ 1
the center of a dummy chamber filled to the same pressure of B 01-"3
as the ionization chamber. The three counting rates were then averaged, -
and converted to a rneasurement of the neutron density by means of the

known Bm(n.or)Li7 cross section for the counter.

10

For the BmE‘3 jonization chamber (96% B F_: 380 mm Hg at

3
0°C) in the calibration position:

iz % )

577 equivalent ion pairs

17 " ¥ (R 12

I(c.p.)

o .
I(n) = I(Bl F3) - I{c.p.) = 560 equivalent ion pairs
10
For the B' F, proportional counter (Reuter-Stokes RSN 40A

10
Counter #C-894 filled with 96% B F_ to a pressure of 400 mm Hg):

3
Position Relative to Counting Rate
the Ionization Chamber for 1 Hour
Front 4,953 counts
Center _ 1,663 ¢
Behind 1,687 "

Average 2,101 counts
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Both the manufacturer's stated counting rate in a thermal neutron

flux, and the calibration at the Lawrence Radiation Laboratory (see

Chrapter III) yielded a Blo(n,nﬁ)Li? reaction cross section for the pro-

portional counter of £.15 cm& for a neutron velocity of 4.4 x 105 cm
-1

sec . Converting the counting rate to neutron density, averaged

over the ionization chamber, one obtains:
-6 -3
N =1.43 + 0.45 % 10 neutrons cm "

The + 20% error results from the uncertainty in the process of averag-
ing the proportional counter rates over the volume of the ionization
chamber. Thus the conversion factor for the ionization chamber

becomes:

N(neutrons cm'3) 2.6+ 0.5x% 1077 I(n) .

Self-Shielding Calculation

'i‘he absolute calibration enables the B lo(n, q)Li7 ionization
current data to be transformed into the neutron density, averaged
over the chamber volume. In order to convert from the averaged
neutron density in the chamber to the neutron density in the atmosphere,
a correction must be estimated for the self-shielding effects of the
chamber. A fraction of the neutron flux is absorbed in traversing the
chamber, thus iowering the average neutron deneityv. A correction

‘ 10 K
factor ior this effect was determined by calculating the B (n,o)Li
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reaction rate of the BloFs chamber, when irradiated with slow neutrons
having the energy spectrum computed by Hess. The ratio of the reaction
- rate, assuming an exponential absorption of the incident neutron flux,

to the reaction rate in the '"thin detector'' approximation (no attenuation
of the incident flux), determines the amount by which the presence of

the B 10F3 chamber depresses the neutron dena-ity. This calculation

is carried out in Appeﬁdix D. For a chamber filledn with BF3 gas to a
pressure of 380 mm Hg (0°C) and enriched in the Blo isotope to a con=-
centration of 96%, the observed neutron density must be multiplied by

1.166 to obtain the neutron density in the atmosphere, unperturbed by

the instrurnent.

Data Reduction

' . 10
Three steps are involved in the conversion of the B F3 ion-
ization chamber data into a measurement of the cosmic=-ray neutron

density.

1
(1) Obtain the B O(n. of)Li7 ionization current by subtraction
of the chamber current due to the ionizing component of
cosmic-rays.
10 7
(2) Convert from B (n,o)Li ionization current to neutron
density.

(3) Correct for self-shielding effects.
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The Blo(n.nf)Li'7 ionization current is equal to:

0
The gl (n.ry)Li7 ionization current can be obtained by two procedures.

11
Either the B F_ ionization chamber data or the argon chamber data

3

can be used to subtract the current due to the ionizing component of

cosmic=-rays.

11 '
‘The B' F_ ionization current can be used to determine I{(c.p.).

3
) . 10 11
After correcting for isotopic admixtures in both the B F3 and B F3

ionization chambers,
0
I(n) = 1. 129 _TI(B1 F3) - I(B“F?’) 3

The argon ionization current can be used to determine I(c.p.).

The calibration constants of the BF_ and argon chambers are initially

3

normalized in a y-ray flux. Thus both the BF_ and argon chambers

3
yield the same numerical value for the ionization due to 'v-r-ays. The
y~ray flux interacts in the chamber gas by meané of the Compton
collision procéss. For photon energies of the order of 1 MeV (the
energy used in the calibration), the energy loss per unit path length
from a ye-ray flux will be proportional to the alect;-on density of the
medium, and will be independent of the binding energy of the electrons.

In the Bethe-Bloch formulation of the slowing down of charged

particles (64, 65, 66),
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4 2 im Va
dE _ 4me z - e - < <
= > né{ln( ie ) -ln(l -87) =8 o

e

dE/ds due to ionization and excitation of electrons in the gas, to first
order, is proportional to nZ, the electron density in the medium.
Only to second order does dE/ds depend upon the elemental nature of
the mediurn, through I*, the geometric~-mean excitation and ionization

potential of the medium. The geometric-mean excitation and ionization

potential varies approximately as
I* = kZ ,

where k is roughly equal to 14 eV. For charged particles of cosmic-
ray energies, the variation of dE)ds between BF3 and argon, for equal
electron densities, can be neglected. Therefore, itis also true for
cosmic-ray particles that the energy loss per unit path length will be
proportional to the electron density of the medium, and will have only
a slight dependence on the binding energy of the electrons.

Thus, on the basis of these argurnents, it appears that the ratio,

cosmic=ray ionization

y=ray ionization

should be independent of either the elemental nature or the pressure
of the ionization chamber gas.
A. Johnston, in his Fh. D. thesis (49), has shown that on theo-

retical grounds the discrepancy for the cosmice-ray ionization/y-ray
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ionization ratio between 1 atm and 8 atm of argon should be no greater
than 7%. A balloon flight utilizing two ionization chambers, one filled
to 1 atm of argon, the other to 8 atin of argon, actually showed that,
at least above a p'res;sure altitude of 140 g crn‘&, the discrepancy is
less than 1%.

This constancy of the cosmic-ray ionization/y-ray ionization
ratio permits I(Argon), the numerical value of the ionization as
determined by the argon ionization chamber, to be equated to I(c.p.),
the ioniz;tion in the BE‘3 chamber due to the ionizing component of

cosmic-rays. An analysis of the balloon flight data shows that, to

within 10%, I(Argon) =I(c.p.). (See Table V.) Therefore,
10
I(n) = (B E‘3) - I(Argon) .

-2
From a pressure altitude of 6 g cmm (115,000 ft) down to 260 g
cm-& (34,000 ft) the current due to the ionizing component of cosmic=

0
rays to be subtracted from the Bl E‘3 ionization current was determined

11
as the average of the argon and the B F3 ionization current. Below

-2
260 g e the argon chamber data were used for the subtraction.

0 1
Individual curves were plotted for the ]3-l E‘a, B lFa. and argon

data, and a smooth curve was faired through the points. Tbhe individual

11
points for the BmF‘ and B" F

3 3 data are shown in Figures 9 and 10.

There were more data than could be displayed individually for the argon

chamber current. The argon data show a 1% deviation, mostly due to
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TABLE V

DATA ANALYSIS

o o é
f:r:ﬁ fz. & —
© = =
= % 59
>8 3 = : 5
fi+] 3 "': I3 o o]
E 2 3 1 A Bl
< 2, fx o i w0
o & . s o = A %
g ¥ R I | e L a N gz o
@ @ fzs [z 0o el = - fzs ) o oo °
22 B Fg orgond gl Eg:
] oy
bk 2 8 & = 23 =8 @de =zad
O P ene- e -—m- .- e .= i
5 151 134 128 132 19 a3 al 63 x 10
10 174 147 136 144 30 38 34 102
15 202 158 142 152 50 50 55 165
20 2éé 168 154 161 65 e 68 04
25 248 176 162 167 81 86 84 252
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40 294 196 184 183 111 112 112 336
50 315 203 189 188 127 126 126 378
60 332 <06 195 190 144 137 140 440
70 345 408 198 190 155 147 151 453
B0 350 <J08 . 198 190 160 152 156 468
90 350 206 197 188 162 153 158 474
100 348 <03 193 184 164 155 160 480
120 338 195 184 176 162 154 158 474
140 321 185 172 168 153 149 151 453
160 302 175 158 159 143 144 144 432
180 480 162 145 147 133 135 134 402
200 258 148 131 . 134 144 127 126 378
220 £36 132 119 119 117 117 117 351
240 214 117 107 104 110 107 108 3i4
260 193 103 96 91 104 97 100 300
280 172 85 87 261
300 155 75 80 240
320 138 67 71 213
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720 12 7 5 15
7490 11 7 4 12
760 10 6 4 12
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statistics, around the curve drawn in Figure 8. The low altitude

data are shown in Figure 11. In Table V the data are aﬁalyzed to
determine I(n) according to the two methods to correct for ionization
due to the ionizing component of cosmic-rays. A comparison is also
listed for the ionizing component of cosmic-rays as determined by the

argon chamber, I{Argon), and as determined by the BHF chamber,

3
I{c.p.). The average of the two methods of obtaining I(n) is taken, and

? for

the neutron density is calculated by multiplying I(n) by 2.56 x 10~
-3
the conversion to neutrons cm  and then by 1.166 to correct for

self-shielding effects.

© neutron density . -9
i I = 3, . .
= L in the atmosphere | 3.0+ 0.6x 10 Ii )

The curve for the neutron density is given in Figure 14. The individual
points represent the BwF3 data after subtraction of the current due
to the ionizing component of cosmic-rays.

The cosmic-ray neutron density exhibits a maximum of
4.8+ 1l.2x 10'7 neutrons ¢::m“'3 at a pressure altitude of 100 g cm-‘i
(53,000 ft), a rapid decline above this altitude, and an exponential
decrease below 250 g o::m.a with an absorption length of 165+ 20 g em™,

Due to the large number pf neutrons captured per data point
(~ 104). the statistical errors are of the order of + 1%. A large

systematic error of about + 20% is introduced by the absolute calibra-

tion. The systematic errors due to the relative calibrations in the
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y-ray flux and to calibration drifts during the flight, after subtraction
of background currents, range from about + 2% for the measurements
at the maximum ionization to about + 40% for the low altitude measure-
ments. The systematic error introduced by the uncertainty in the
self-shielding correction is probably less than + 5%.

At least a factor of two improvement in the absolute calibration
(from 1-20% to at least + 10%) could be obtained by making a comparison
balloon flight with a calibrated B 10}?‘3 proportional counter and 2 B 10F3
jonization chamber. A small proportional counter would be used so
that self-shielding effects would be negligible, thus permitting the
counter to measure an essentially unperturbed neutron flux. Due to
the low counting rate of the small proportional counter, it would be
necessary to float the balloon at an altitude of 50,000 ft (the altitude
corresponding to the maximum neutron density) for a period of several
hours. An absolute calibration of the proportional counter would be
periormed in the laboratory prior to flight. The absoclute calibration
would involve a dete;mination of the counting rate of the proportional
counter when pla;ed at a point of known slow neutron density. The
slow neutron density would be measured by monitoring the radiocactivity
of an indium foil which had been placed at the calibration position (67)..
The radioactivity of the indium foil would be measured by observing

the emitted beta and gamma rays in coincidence. This coincidence

’
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method eliminates the detector efficiencies from the equation relating
the detector counting rates to the decay rate of the foil, thus allowing
an absolute determination of the decay rate of the foil to be made.

From the observed decay rate, the size of the indium foil, and the
known neutron capture cross section for In“s. the slow neutron density

at the calibration position can be obtained.
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Comparison with the Results of Other Workers

The measurements of W. Hess, etal., the N. Y. U. Cosmic=
Ray Group, and L. C. L. Yuan will be compared with the work of this
thesis. Because of the large geomagnetic latitude variations (10: 1)
and time variations (4: 1) in the production rates of cosmiceray neutrons,
a2 correction procedure must be applied to the data of these workers.
R. E. Lingenfelter (17), from examination of all the available cosmic=
ray neutron data, has estimated the éosmic-ray neutron production as
a function of pressure altitude and geomagnetic latitude for solar
sunspot minimum and solar sunspot maximum. The results of this
calculation, which are probably valid to within #* 25%, will be used to
correct all measurements to the values expected at 2 geomagnatic
latitude of 41°N during 1964,

Hess, et al. (4,14) measured the neutron energy spectrum in
the winter of 1956-1957 with detectors installed in a B-36 airplane,
up to an altitude of 40,000 ft (200 g cm’z). They assumed that the
measured height dependence of the neutron source of exp( -xgcm'd/ 155)
could be extended up to the top of the atmosphere. A multi-group
diffusion analysis was then used to generate the neutron energy spectrum
from 200 g cm-a up to the top of the atmosphere. This assumption of
an exponentially increasing source strenéth up to the top of the atmos=

-2
phere leads to a maximum in the neutron density at about 50 g cm ,
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a position that is inconsistent with all balloon measurements. Lingen~
felter has shown that the exponential assumption extended to the top of
the atmosphere is improper, and that a m:aiimum in the neutron source
actually occurs at a pressure altitude of 100 g cm.& (53,000 ft) for
geomagnetic latitudes below 55°. Since the slowing down length for
the neutrons is only about 50 g cm-d. a2 maximum in the slow neutron
density is also to be expected at 100 g cm-&. Thus above 400 g cm-&.
the C e production rate calculated by Lingenfelter is a more proper
- comparison to the work of this thesis. The Nu(n. p)C 14 production
cross section has a 1/v dependence for slow neutrons; the production
rate is therefore proportional to the density of slow neutrons. Lingen-
felter's C 1% production estimates above 400 g cm‘a pressure altitude,
normalized to Hess's experimental data, and the data of Hess, et al.
below 400 g cm-z form curves that can be compared with the work of
this thesis. The data of Hess, et al. are transformed into neutron
density measurements by multiplying their neutron flux values by the
reciprocal of the velocity and then integrating over all energies. The
data were then multiplied by 0. 8 to correct from a geomagnetic latitude
of 44° to 41°, and by 1.2 to correct for time variations. The corrected
neutron density values are shown in Figure 14.

As can be seen from Figure 14, even after the neutron source

corrections applied by Lingenfelter, the measured neutron densities
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are still 50% higher than the values obtained in the work of this thesis.
It is unlikely that a difference in the absolute calibration can be an
explanation, as an intercomparison of standards between the two
laboratories was made. It is possible that neutron moderation in the
airplane may be responsible for the higher neutron densities observed
by Hess.

The New York University Cosmic=-Ray Group has undertaken
a large number of balloon flights using 510F3 and B“'I?‘3 proportional
counters t.é- measure the slow neutron density (3,38,68). The N. Y. U.
Group estimates that for their matched counters 177 counts min-l would
result in 2 neutron counting rate of 1.01 neutrons min-l for a BF

3

counter with 2 boron component of 100% B 105‘3 at5.T.P. and with

a volume of one cubic centimeter. Converting their counting rates

]

to neutron density, one obtains:
N(neutrons em ) =4.22x 10 * C (counts min ') ,

For Flights No. 66 and 67 (Auguat 1954 at hm = 55°N), a time cor-
rection of 0.96 was made. The latitude correction was a function of
pressure altitude and ranged from 0.40at0 g cm-a to 0.81 at 680 g
cm-&. For Flights No. 91 and 93 (September 1958 at lm = 41°N) a

time correction of 1. 42 was made. The N, ¥, U. corrected neutron

density values are shown in Figures 15 and 16.
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There is satisfactory agreement between the N. Y. U. Group
and the work of this thesis for pressure altitudes below 100 g em’
(53,000 ft), considering the + 20% errors assigned to the absolute
calibrations. Above this altitude, the difficulties associated with
assessing the proper time-and-latitude corrections introduce relative
errors in the comparison.

A series of theee balloon flights was carried out by L.. C. L.
Yuan between June of 1948 and January of 1949 (12). On each flight
two identical proportional counters filled with BF 3 of 6% B 10 were
sent aloft at a geomagnetic latitude of 51°N. One counter was shielded
with 0.030 inch of cadmium, and the other enclosed in tin of the same
thickness. Because of the large neutron capture cross section for
cadmium below 0.4 eV, the difference in the counting rate between the
two counters was due only to neutrons of energies below 0.4 eV. The

data were converted to neutron density by the relation:
-3 n -9 " _-nl
N(neutrons cm ; £E<0.4 eV) = 6.02 x 10 "C(counts min ).

These nurnbers were multiplied by 1.83 to correct the data for neutrons
with energies between 0.4 oV and 10 keV. The time correction was

1. 13; the geomagnetic correction varied from 0.54at 0 g cm-a to
0.82at 680 g cm-z.‘ Th-e corrected neutron density values are shown

in Figure 17 for the January 1949 flight.
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With respect to these comparisons, it should be peointed out
that the instrumentation used in the work of this thesis has a total weight
of 12 1bs per balloon flight, while the equipment launched-by other
workers weighed at least 100 lbs. The launching of payloads of this
weight must necessarily be made under favorable wind conditions, and
with the use of facilities usually available only under contract. While
for a few flights this is only a rnatter of economics, if a complete
geomagnetic survey (neutron density versus geomagnetic latitude) were
to be undertaken during a limited period of time (to avoid time vari-
ations; this has not been done yet), then the practical matter of balloon
launching becomes an important consideration. From a purely scientific
standpoint, the ionization chamber measurements yield significantly
smaller statistical variations due to the fact that the neutron capture
rates are higher than for proportional counters. Proportional counters
are limited in volume by the requirement that electron attachment to
form negative ions must not ocecur, whereas ion-ion recombination is
the only limitation to the volume of the ionization chambers. Measure-
ments made in aircraft are capable of generating satisfactory statistics
below 100 g cm-a (53,000 ft), but are subject to problems associated

with local neutron production and moderation.
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Radioactivity firom Bomb Test Debris

From Oct. 22, 1964 to Oct. 245, 1962, on Balloon Flights Nos.
7, 8, and 9, the presence of radioactivity from bomb test debris was
observed in the stratosphere. All of the radiocactivity appeared to be
located above a pressure altitude of 100 g cm-& (53,000 ft). On Flight
No. 9, the maximum radicactivity occurred at 35 g qm-d (75,000 ft)
with a measured ionization of 376 ion pairs cm'3 euac'1 at;m“l (converted
into units of Roentgens: 0.73 mr hr-l). a factor of two higher than the
ionization due to cosmic radiation. It must be understood that the
chambers measure only the ionization due to y-rays and to charged
particles capable of penetrating the wall (wall thickness: 0.5 g cm-&).
Thus beta rays of energies below 1 MeV were not detected. The large
cosmice-ray background probably would prevent detection of the radio=-
activity with an ionization chamber except‘during the first few months,
prior to the time that the bomb debris had spread uniformly throughout
the stratosphere. Large thermonuclear devices were exploded by .
both the United States and Russia during the weeks preceding the balloon
flights.

The observed ionization could not have been due to an increase
in cosmic-ray intensity nor to the arrival of solar high energy particles
generated by a flare. The magnetic rigidity cutoif for vertically

incident particles is 5 BV at the geomagnetic latitude of the balloon
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flights (41°N), and no increase in relativistic particles was observed
on Mariner II Planetary Probe during Flights Nos. 7 and 8 (69).
Similar events have been observed during two other balloon flights
by the Cosmic=Ray Group at the California Institute of Technology
(70,71), and by other cosmic-ray workers (72,73, 74).

It has been known for some time that the detonation of large
thermonuclear devices injects radioactive fission products into the
stratosphere, which may remain there for months or even years (75).
Since the end of 1956, the Atomic Energy Commission has been
monitoring the radiocactive dust content of the stratosphere by means of
balloon-borne filters. The filters are recovered and analyzed for
gross beta activity and for six specific radioisotopes. The balloon=-
borne filters indicated a maximurm in the Sr90 concentration at about
45 g o (70, 000 ft) for equatorial latitudes, léwering to 90 g cxn >
(55,000 £t) in polar regions. The concentration of Sr90 was unobserve
able below the tropopause or above 15 g T (95, 000 ft) (76).

It appears that the radioactive debris is initially injected into
the stratosphere by a thermonuclear detonation, a slow settling and
diffusion of the debris across the tropopause then results on a time
scale of months to years, and a rapid r_nixing and precipitation occur

out of the troposphere in the period of about 2 month.
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The measurements of the vertical distribution of the Sr90

concentration are in agreement with the radioactive debris encountered
on several balloon flights by the Cosmic-Ray Group at the California
Institute of Technology. In the work of this thesis,; the maximum
radioactivity occurred at 50 g c:m-z (68,000 ft) on Flight No. 8 and

at 35 g cm-& on Flight No. 9, both ata geographic latitude of 34°N.
The event observed by H. R. Anderson on Oct: 16, 1958 at Bismarck,
North Dakota (geographic latitude: 47°N) displayed 2 maximum. ;at

80 g cm-a (58, 000 ft). The event reported by H. V. Neher and H, R.
Anderson that occurred at Bismarck on July 48, 1954 is difficult to
interpret, but it may have been due to bomb debris originating in the
spring 1954 test series (Castle): In no case was the radioactivity

cbserved below the tropopause, or at the top of the atmoaphere.

The individual points representing the data obtained on

Flight No. 9 (Oct. 25, 19¢2) with an argon filled ionization chamber

are shown in Figure 13.



65

VI. CTHER EXPERIMENTS

In this chapter, three problems other than the measurement of
neutrons in the atmosphere are considered: (1) extrapolation of the
balloon data from 6 g cm.a pressure altitude up to the top of the atmos~
phere, () the measurement of slow neutrons in space using ionization
chambers, and (3) the construction of a ground monitor for the nucleonic

component of cosmic radiation.

Extrapolation of the Data to the Top of the Atmosphere

Haymes and Korff (77) have estimated the density of slow
neutrons at the top of the atmosphere by performing 2 linear extrapola-

tion of the counting rates of BF , proportional counters upward from

3
an atmospheric depth of 4 g cm-z. This procedure is ::!.Hficult even
under the best experimental conditions because the density of slow
neutrons drops rapidly at these altitudes due to the outward diffusion
of the neutrons. A small error in the measured neutron density or
the neutron density gradient can result in an improper extrapolation.
This method of extrapolation is even more difficult to apply to the
jonization chamber data of this thesis, because the counting rate to
background ratio is lower than for proportional counters. The ioniza-

tion chambers have no bias against small ionizing events, as do the

BF 3 proportional counters.
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Nevertheless, using the results of neutron transport theory
and a knowledge of A - the neutron transport length in the atmosphere
(the transport length is just the scattering length corrected for the
velocity of the recoiling nucleus), an estimate of the neutron density
can still be made. The physical situation is akin to the soluble problem
of monoenergetic neutrons diffusing from a nonabsorbing medium into
an infinite empty half-space (the Mih;e problem) (21, 22,46,78). For
the Milne problem, it can be shown that the density in the half-space
is 0.81 times the asymptotic solution obtained from:

_ dN$x=0!
Nasym(xﬂﬂ) = (0.71n - ’

The factor of 0.81 results from an abrupt decrease in the nurmber of
downward scattered neutrons that occurs within the last few scattering
lengths of the atmospheric boundary. Of course the slow neutrons in
the atmosphere are not monoenergetic, nor can the absorption of these
neutrons be totally neglected. However, these effects should not
produce a large error in the asymptotic solution given above. This
extrapolation procedure has been applied in neutron physics to the
inverse problem, i.e., given the neutron density in the vicinity of
the boundary, détermine the transport length in the medium.

Thus the formula that will be used to estimate the slow neutron

density at the top of the atmosphere is
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N(x=0) = (0.575) A _ [

&S

T ——

where Lg__N W is the averaged neutron density gradient as determined
dx |
from the balloon data.

The transport length for slow neutrons in the atmosphere is
?s.t =2.9g Cm-&. Fitting the data with a straight line in the region from

.2 "&
5gecem todld gcecm |, extrapolating to the origin, and iterating once

for consistency,

dN ] =9.7% 10'9 neutrons cm.3 (g 4:'.m-2')"l .

™

i

Therefore,
N(x=0) = 16 % 10--9 neutrons cm .

The accura;cy of this value is limited not so much by the theory,
| but by the fact that neutrons of energies less than 0.66 eV are gravi-
tationally trapped. Even at the top of the atmosphere a large fraction
of the neutron density is comprised of neutrons with energies less than
0.66 eV, and gravitational trapping will increase the neutron density.
Since the diffusion length for thermal neutrons isonly 3 g cm-a. an
increase in the neutron density at the top of the atmosphere due to the
return of albedo neutrons would not necessarily be cbservable at

balloon altitudes. The magnitude of the return albedo is restricted by

the removal process of neutron Be-decay. A 0.1 eV neutron moving
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vertically in the earth's gravitational field has roughly a 50% cha;nce

to decay before returning to the top of the atmosphere. All things cone
sidered, the value of 16 x 10-9 neutrons cm-s for the density of slow
neutrons at the top of the atmosphere is probably correct to within a
factor of 4. A more accurate value would require a knowledge of the
energy spectrum and the angular dependence of the upward moving
neutrons, and a calculation would have to be made for the probability
of B=decay along the various return trajectories.

Estimates of the neutron density in space have been made by
several workers. The methods, dates, geomagnetic latitudes, and
neutron densities c:arrgsponding to the various workers are summarized
in Table VI.

The extrapolation method used for the data of this thesis was
described earlier in the chapter. Hess, Canfield, and Lingenfelter (4)
used a multi-group diffusion analysis, normalizing their data to experi-
rmental results obtained at a pressure altitude of 200 g cm-a. Haymes
and Korff (77) flew BFB proportional counters from a balloon to a
pressure altitude of 4 g cm‘a and then extrapolated the data to the top
of the atmosphere. (While analyzing the data of Haymes and Korff,
the writer discovered an error in the flux values quoted by them in the
literature. This error was subsequently verified by Haymes. The
article should read, "Extrapclating to the top of the atmosphere, a

value of 1.0+ 0.4 x 10.8 neutrons cm-3 was obtained for the slow
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TABLE VI

THE DENSITY OF SLOW NEUTRONS
AT THE TOP OF THE ATMOSPHERE

Workers Ref. Method Date Xm Neutrons®
cm"3
This Thesis Ballos Dt 1962 41°N  16x10"°
Hess, Canfisld 4 Multi-Oroup 1956 44°N  40x10™°
and Lingenfelter Diffusion
Calculation
Haymes and Korff 77 Balloon Data 1959 55°N  10x107
Reidy, Haymes 79 Aerobee-150A 1960  49°N 370x10”7
and Korff Sounding Rocket
Hess and Starnes 80 Atlas Pod 1960 40°N 57;:10'9
Martin, Witten 81 Atlas Pod 1961 27°N 1005107
and Katz
Baioe; o8&l 82 Atlas Pod 1961 36°N  13x10°7

* All workers quote absolute errors of less than + 50%.
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neutron density.') Reidy, Haymes, and Korff (79) instrumented an
Aerobee=-150A sounding rocket with 20 BIOF3 and 44 BHF3 proportional
counters. The rocketl reached a maximum altitude of about 400 km.

The fact that the instrumentation package was not separated from the
rocket may account for the high neutron densities observed. Hess and
Starnes (80) flew a neutron detector on an Atlas rocket to an altitude

of about 1400 km. The detector was mounted on a pod on the outside

of the Atlas vehicle and was detached during the flight. The detector

10
consisted of a B° F_ proportional counter enclosed in a paraffin shield,

3
and was sensitive to neutrons over an energy range of 45 keV to 4 MeV.
The estimate of the neutron density in space as given in Table VI was
obtained by noting the ratio of the observed counting rate to the counting
rate expected from the calculation of Hess, Canfield, and Lingenfelter.
Martin, Witten, and Katz (81) flew an unmoderated BmF 3 proportional
counter on an Atlas pod. Egquipment associated with BnE‘3 counters

in the pod malfunctioned, and a subtraction for background counts was
not possible. The background coqnting rates observed by Haymes

and Korff and by Reidy, Haymes, and Korff suggest that the densities
obtained by Martin, Witten, and Katz should be multiplied by 0.5 to
correct for background. Bame, Conner, Brumley, Hostetler, and

Green (82) flew three moderated Libl(Eu) scintillation detectors on an

Atlas podin 1961. The detectors measured the flux of neutrons in
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the energy interval from 1 keV to 100 MeV. At a geomagnetic latitude
of 36°N, they obtained a neutron flux spectrum similar in shape to

that calculated by Hess, et al., but lower in absolute value by a

factor of three. The results of their experiment suggest a slow neutron

density of about. 13 x 10-9 neutrons cm'3.

The Measurement of Slow Neutrons in Space Using Ionization Chambers

The measurement of the slow neutron density in space is subject
to the same difficulty as discussed in the preceding section. The
ionization resulting from the charged particle background is many times

the ionization resulting from the neutron capture reaction. For the

BIC'F3 jonization chambers utilized in this theais, the ratio of the

neutron capture ionization to the charged particle ionization, extrapol-

ating the data to the top of the atmosphere, would be

I(neutrons) = 0.045

= » I{charged particles)

A considerable improvement in this ratio can be attained by utilizing

the }11;,;3(1-1.p)l--13 + 0,765 MeV reaction. If the gas pressures of a

BwF ioﬁizaﬁon chamber and a He3 jonization chamber are adjusted

3

so that both chambers have the same neutron capture cross section,

then the ratio becomes
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3
+ -
.R(Hea) - R(BmF3) . I‘ Q value for He_ n i

0 value for Blo +n ~

- [ electrons per B}?Lmolecule ‘l
electrons per He atom ~

[ cross section for He (n le ’]
x 7

cross section for B (n. a)Li
3
R(He") = 0.31

This value for R(He3) is an upper limit, as some of the reaction energy
will be lost if the proton intercepts the chamber wall. This wall effect
is greater for He3 because He3 has a much lower stopping power than
BF 3 and consequently the range of the recoiling proton in the

Hes(n. p)I-I3 reaction will be greater than the range of the alpha particle
in the Bm(n.a)bi? reaction. Thus it appears that even using the
I-Iez'(n,};:)H3 reaction, counting rates to background ratios for ionization
chambers are lower than those attainable with proportional counters

(which are at least equal to unity) for the measurement of slow neutrons

in space.

The Construction of a Ground Monitor for the Nucleonic Component

of Cosmic Radiation

Simpson, Fonger, and Treiman (83) have developed an experi-

’

mental rmethod for extending the study of primary cosmic radiation

intensity variations versus time to the low energy portion of the primary
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particle spectrum by measuring the nucleonic component intensity
within the atmosphere. The detector system is a pile structure of lead
and paraffin within which the rate of local neutron production is

measured by B mF proportional counters.

3
The disintegration product neutrons and slow neutrons in the
atmosphere are produced predominantly by the nucleonic component,
since, for example, neutron yields from y=-n, fMesgtar-n, p=star=n,
and similar processes are amall, but the nucleon-induced distintegra=-
tions have large cross sections and yield on the average, more than
one neutron per disintegration. It has been determined that at\ = 52°
the local neutron production from showers, m and u mesons, and
y=-produced stars is leur than 3% of the total neutron production. Thus,
the counting rate of the detector will be only a function of the nucleonic
component, and will be insensitive to changes in the mass distribution
of the atmosphere due to temperature variations. If the entire neutron
local production in a pile were related to the primary radiations only
by secondary nucleons, there would be no observable temperature
effect for the nucleonic component, since nucleons have long mean
lives. The small meson links which are present contribute a temper-
ature dependence of less than =0.006% per °C at ) = 50°. Of course

a correction for variations in the total mass of air above the detector

system must be made. This is about - 1% per mm Hg.



74

By usiné a local condensed moderating material such as paraffin
or carbon surrcunding the detector, the detector avoids the atmosphere
as a moderator and thus reduces or eliminates the difficulties which
arise from changes in air moderator characteristics in the region of
clouds, during precipitation, etc., and eliminates detector response
to changes in neutron production near the detector owing to movement
of heavy materials, snowfall, personnel, and neutron emitting radio-
active sources.

The average number of neutrons emitted by a low energy nuclear
disintegration is called the multiplicity. The ratio of neutron multi-
plicity from lead to carbon is 8: 1. Thus it is clear that by using
materials of large atomic number mixed with a local neutron moderator,
the atmosphere and the environment of the detector are excluded as
both the neutron source and moderating mediﬁm. while, on the other
hand, the neutron yield has been increased.

A detector system of this type is referred to as a neutron
monitor pile. Such a detector system has more sensitivity to the low
energy portion of the cosmic=ray spectrum than previously designed
monitors as evidenced by the greater latitude variation (at sea level,

a factor of 1.8 from 0° to 50° for the neutron monitor pile as com=
pared with 1.1 for a shielded ionization chamber).

A neutron monitor pile can be constructed using the ionization

chambers described in this thesis. A neutron monitor pile similar in
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philosophy to that designed by Simpson, Fonger, and Treiman was
assernbled. An ionization chamber was surrounded by 5 cm of paraffin,
and the top and two sides were covered with 1,000 lbs of lead bricks.
The equipment was transported to the top qf Onyx Peak, San Bernardino
National Forest, California (34°46'N, 116°50'W; elevation: 9,114 ft),
and assembled there. The pile was operated for several hours with

ab mF‘ ionization chamber, and with an argon ionization chamber.

3
(The barometric pressure was 765 g cm-a on Nov. 3, 1962.) The
ionization currents which were measured are given in Table VII.

It was shown in Chapter V that I(n), the ionization current due
to the capture of neutr'ona; can be obtained by subtracting the argon
chamber data from the BIOF3 chamber data. For the unshielded
chambers, I(n) = I(BIOE‘S) ~ I(Argon) = 21.7 ion pairs equivalent.

After the chamber was surrounded with paraffin, I(n) = 38.3 ion pairs
equivalent. The assembly of the pile was completed by adding the lead,

then I(n) = 71.3 ion pairs equivalent. Thus the neutron counting rates

increased in the ratio of unshielded : paraffin: pile=1: 1.8: 3.3 .

In this context it should be noted that the value for I(n) obtained on the
balloon flights at this pressure altitude was I(n) = 4 ion pairs equivalent.
Thus the moderating effect of the ground increases the slow neutron

density by a factor of 5 at this altitude.
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TABLE V11

IONIZATION CHAMBER MEASUREMENTS ON ONYX PEAK

_ Ionization
Ionization in ion
Chamber Gas Configuration Date pairs equiv.

B 10F3 Neutron Monitor Pile Nov. 3, 1962 77.7
Argon Neutron Monitor Pile Nov. 3, 1962 6.4
31°F3 Paraffin Only Nov. 3, 1962 47.7
Argon Unshielded Nov. 3, 1964 10.0
5'%, Unshielded Oct. 4, 1962 31.1
BuF3 Unshielded Oct. 4, 1962 12.8
Argon Unshielded Oct. 4, 1962 9.4




7

For the study of time variations in cosmic radiation, the pre-
cision of the data of such a monitor is limited rnainly by variations in
the amount of charge transferred to the collector during an electrometer
recharging cycle. These variations appear to be of the order of 0.3%.
A pile of this.design would be most useful for monitoring the low energy
portion of primary cosmic radiation at remote locations at high eleva-

tions, where electrical power is not available.
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VII. CONCLUSIONS

The construction of an ionization chamber, using the Neher
quartz electrometer system, for the detection of slow neutrons is
reasonably straightforward. Even when care is taken to insure clean=-
liness of the chamber, and the gas is purified, it is possible that some
charge recombination occurs within the chamber gas. Nevertheless,
this does not introduce large temperature efiects, nor does it degrade
the voltage dependence to the point where the precision of the measure=-
ments is affected.

Recombination problems and self~shielding effects limit the

pressure of BIOF to which the chambers may be filled. The number

3
of data points obtained on a single balloon flight with chambers using
the standard electrometer systern does not give sufficient altitude
resolution. Improvements in the calibration stabilization of the high
sensitivity electrometer units would enable the entire neutron density
profile to be obtained on a single flight. The precision of the low
altitude measurements (below 20,000 ft), which require the high sensi-
tivity electrometer unit, would be improved also. At least a factor of
two improvement in the absolute calibration (from 4 20% to at least

e 4 10%) could be obtained by making a comparison balloon flight with

proportional counter and a B wF ionization chamber.

10
a calibrated B ¥ 3

3
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Such a calibration would inherently correct for self-shielding effects
in the ionization chambef.

It was fortunate that the intensity of cosmic radiation did not
change at the geomagnetic latitude of the balloon flights during 1962,
for it allowed all of the data to be plotted together, thereby gaining in
altitude resolution. The small spread of the data as evidenced in
Figures 9 and 10 attests to the precision of the measurements.

Comparison of the values obtained for the neutron density from
Xn) = 18 '°F ) - YArgon) and from I(n) = 1.129 (18 %5y - 12 'F ) 7
indicate that it is not necessary to fly Bqu chambers. Both the

neutron data and the cosmic-ray ionization data can be obtained from

10
analysis of B F_ chamber and argon chamber measurements. The

3
large volume of the ionization chambers (9 liters) resulted in a sig-
nificant reduction of e;tat!stical errors relative to earlier balloon flights.
The small size of the flight units (3 kilograms) avoided the problems
associated with local neutron production and moderation which are
present in airplane measurements.

The counting rate to background ratio at the maximum balloon
altitude was too poor to enable a simple extrapolation of the data to be,
made to the top of the atmosphere. By the use of neutron transport

theory, however, an estimate of the density of slow neutrons above

the atmosphere was made. Cther workers that have attempted to
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determine this quantity have obtained such a divergence of values
that the actual nurnber is still in question.

The agreement with the cosmic-ray neutron measurements of
the New York University Cosmic=-Ray Group is excellent, considering
the difficulty of making proper time-and-geomagnetic latitude cor-
rections, plus the + 40% error assigned to the absolute calibration for
the work of this thesis. The discrepancy with the work of Hess, et al.
(4) (the measurements of this thesis are lower by more than a factor
of two at altitudes above 150 g cm-d) undoubtedly results from their
assumption that the neutron production rate increases exponentially
up to the top of the atmosphere. The corrections of Lingenfelter (17),
when applied to the data of Hess, et al., give an altitude dependence
that agrees with the measurements of this thesis, but their absolute
values are still about 50% higher., Neutron moderation in their airplane
may be responsible for the higher densities that they observe.

- While free neutrons are produced in the atmosphere by a number
of processes, by far the majority of them are products of the nuclei
of air disrupted by cosmiceray interactions. The experimental work
of thia thesis enabled the density of these cosmic=ray neutrons to be
determined throughout the atmosphere. The observed altitude dependence
is in agreement with the notions of production by cosmic=ray nuclear

interactions, followed by a period of slowing-down and diffusion, and
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&

14 14
then terminating in N° (n,p)C  ~ apture.or, at the top of the atmosphere,

upward diffusion into space.



d.

5.

6.

82

References

H. V. Neher and 3. Prakash,
""Metal System for Chemical Reactions and for Studying
Properties of Gases and Liquids,"
Rev. Sci. Instr. 28, 267-270 (1957).

H. A. C. Neuberg, R. K. Soberman, M. J. Swetnick, and
S. A. Korff,
"High-Altitude Cosmic-Ray Neutron Density at the

Geomagnetic Pole, '’
Phys. Rev. 97, 1276-1279 (1955).

R. K. Soberman,
"High-Altitude Cosmic-Ray Neutron Intensity Variations,"
Phys. Rev. 102, 1399-1409 (195¢).

W. N, Hess, E. H. Canfield, and R. E. Lingenfelter,
"Cosmic-Ray Neutron Demography,"
J. Geophys. Research 66, 665-677 (1961).

J. Chadwick,
'"Possible Existence of a Neutron, "
Nature 129, 312 (1932).

J. Chadwick,
"The Existence of a Neutron,''
Proc. Roy. Soc. A-136, 692-708 {1932).

G. L. Locher,
"Neutrons from Cosmic-Ray StBsse, "
Phys. Rev. 44, 779-781 (1933).

L. M. Rumbaugh and G. L. Locher,
'""Neutrons and Other Heavy Particles in Cosmic Radiation
of the Stratosphere,"
Phys. Rev. 2-9_. 855 (1936).

E. FUnfer,
"Detection of Slow Neutrons in the Atrnosphere,"''
Naturwissenschaften 45, 235 (1937).



10.

11.

13.

14.

15,

1é.

17.

18.

19.

20.

83

5. A. Korif,
"Evidence for Neutrons in the Cosmic Radiation,"
Fhys. Rev. 56, 210 (1939).

H. A. Bethe, S. A. Korff, and G. Placzek,
""On the Interpretation of Neutron Measurements in Cosmic
Radiation, " '
Phys. Rev. 57, 573-587 (1940).

Ll C. L. Yu&n.
"Diatribution of Slow Neutrons in Free Atmosphere up to

100,000 Feet,' Phys. Rev. 81, 175-184 (1951).

R. K. Soberman,
"HigheAltitude Cosmic=-Ray MNeutron Intensity Variations,"
Phys. Rev. 102, 1399-1409 (1956).

W. N. Hess, M. W. Patterson, R. Wallace, and E. L. Chupp,
"Cosmic-Ray Neutron Energy Spectrum,"
Phys. Rev. 116. 445-45% (1959,0

3. F. Singer,
" 'Radiation Belt' and Trapped Cosmic=-Ray Albedo,"
Phys. Rev. Letters 1, 171-173 (1958).

P. J. Kellogg,
"Possible Explanation of the Radiation Observed by Van
Allen at High Altitudes in Satellites, "
Nuovo Cimento 11, 48-66 (1959).

R. E. Lingenfelter,
"Carbon 14 Production Rate by Cosmic Rays,"
Reviews of Geophysics, to be published in 1963.

S. Flligge, '"On the Excitation of Neutrons by Ccsmic Rays
and Their Distribution in the Atmosphere,"
Cosmic Radiation, (Dover Fublications, New York,
1940), pp. 144-158, ed. by W. Heisenberg.

E. Bagge and K. Fincke,
"The Intensity Distribution of Cosmic«~Ray Neutrons in
the Atmosphere, '’
Annalen der Physik 6, 341-337 (1950).

E. Freese and P. Meyer, ''Neutrons in the Atmosphere,"’
Kosmische Strahlung, (Springer-Verlag, Berlin, 1953),
pPp. 445-437, ed. by W. Heisenberg.



21.

PN

23.

a4,

a5.

ab.

27.

28.

29-

30.

31.

3&'

84

B. Davison,

Neutron Transport Theory,
(Oxford University Press, London, 1958).

-S. Glasstone and M. C. Edlund,

The Elements of Nuclear Reactor Theory,
(D. Van Nostrand Co., Inc., Princeton, 1952).

O. C. Kistner and B. M. Rustad,
"Ratio of the Gamow=Teller and Fermi Coupling Constants
Determined from {t Values,'"
Phys. Rev. 114, 1329-1332 (1959).

D. J. Hughes and R. B. Schwartaz,
Neutron Cross Sections,
(Brookhaven National Laboratory, Upton, N.¥Y., 1958).

R. E. Lingenfelter, (private communication).

H. R. Anderson, Frimary Cosmic Radiation in 1958,
(Thesis, California Institute of Technology, 1961, unpublished).

C. J. Waddington, '""The Composition of the Frimary Cosmic
Radiation, " Frog. in Nuclear Physics, (Pergamon Press,
New York, 1960), Vol. 8, pp. 1-45.

J. A. Simpson, "The Production of Tritons and C 14 in the
Terrestrial Atmosphere by Solar Protons," J. Geophys.
Research _é\_?_ , 1615«1616 (1960).

H, H. Malitson and W. R. Weber, "A Summary of Cosmic Ray
Events," Solar Proton Manual, (Goddard Space Flight Center,
Greenbett, Md., 1962), X=-611-62-122, pp. 1-17.

W. C. G. Ortel, "Neutron Froduction by Cosmic Rays,"
Phys. Rev. 93, 561567 (1954).

J. A. Simpson, '"Neutrons Produced in the Atmosphere by the
Cosmic Radiation,' FPhys. Rev. 83, 1175-1188 (1951).

H. W. Bertini and L.. Dresner, "Compilation of Reactions
Calculated for Particles with Energies firom about 50 to
350 MeV,' Neutron Physics Division Space Radiation
Shielding Research Annual Frogress Report for Period
Ending August 31, 1962 (Oak Ridge National Laboratory,
Qak Ridge, Tenn.), ORNL-CF«62-10-249, pp. 58-91.




33.

34.

35.

36.

7.

38.

39.

40.

45'

G.

85

P. Millburn, W. Birnbaum, W. E. Crandall, and L. Schecter,
""Nuclear Radii frorm Inelastic Cross«Section Measurements, "’
Phys. Rev. 95, 1268-1278 (1954).

J. Cuenby and W. R. Weber, ""Cosmic Ray Cut-Off Rigidities
and the Earth's Magnetic Field," Fhil. Mag. 4, 90-113 (1959).

R. Winckler, P. D. Bhavsar, and L.. Peterson, '"The Time
Variations of Solar Cosmic Rays during July 1959 at
Minneapolis,' J. Geophys. Research 66, 995-1022 (1961).

Meyer and R. Vogt, '"Primary CosmiceRays and Solar
Protons II," Phys. Rev. (to be published), 1963.

Vogt, "Primary Cosmic-Ray and Solar Frotons,' Fhys. Rev.
125, 366-377 (1962). '

C. Haymes, '""High Altitude Neutron Intensity Diurnal Vari-
ations,' Phys. Rev. 116, 1231-1237 (1959).

G. Thode, J. Macnamara, . F. Lossing, and C. B. Collins,
"Natural Variations in the Isotopic Content of Boron and
Its Chemical Atomic Weight," J. Am. Chem. Soc. 70,
3008-3011 (1948). -

Shiuttse, ""An Investigation of the Isotopic Constitution of
Boron," J. Exptl. Theoret.. Phys. (U.S.S.R.) 29, 486 (1955);
Trans. JETF 2, 402-405 (1956).

Ajzenberge-Selove and T. Lauritsen, "Energy Levels of Light

C. Hanna, '"The Disintegration of Boron by Slow Neutrons, "

FPetree, C. H. Johnson, and D. W. Miller, "Disintegration
of Boron by Fast Neutrons,' FPhys. Rev. 83, 1148-1153 (1951).

E. Bortner and G. 3. Hurst, "Ionization of Pure Gases and
Mixtures of Gases by 5=-MeV Alpha Particles,' Fhys. Rev.
93, 1236-1241 (1954),

Bichsel and T. W. Bonner, '"Reactions Li7(a.n)B 10.
Li'(o,a")Li™™, and B10(n,a)Li’, Phys. Rev. 108, 1025-1027
(1957). -



46.

47.

48.

49.

50.

51.

54.

53.

54,

55.

57.

58,

59.

86

A. M. Weinberg and E. P. Wigner, The Physical Theory of
Neutron Chain Reactors, (Univ., of Chicago Press, Chicago,
1958).

U. H. Hauser, ''Neutron Detection with B(CHS) and Investigation
of the B! (n,)Li7 Reaction,' Z. Naturforsch. 7a, 781-
785 (1952).

J. A, Simpson.
A, R. Johnston, The Absolute Cosmic-Ray lonization in the

Atmosphere at Balloon Altitudes, (Thesis, California
Institute of Technology, 1956, unpublished).

H. V. Neher, '""The Primary Cosmic Radiation,'" Ann., Rev.
Nuclear Sci. 8, 217-242 (1958).

H. W. Patterson and R. Wallace, A Method of Calibrating Slow-
Neutron Detectors (Lawrence Radiation Laboratory,
Berkeley, 1958), UCRL -8359.

H. V. Neher, "A Barometric Element for Radio-Sondes, '’
Rev. Sci. Instr. 24, 97-98 (1953).

C. G. Stott and Co., Inc., 1310 New York Avenue, Northwest,
Washington 5, D, C.

Cffice of Naval Research, private communication.

W. R. Grace and Company, Dewey and Alrmy Chemical Division,
624 Whittemore Ave., Cambridge 40, Mass.

H. V. Neher, "An Automatic Ionization Chamber,! Rev. Sci.
Instr. <4, 99-102 (1953).

H. V. Neher, V. Z. Petergon, and E. A. Stern, "Fluctuations
and Latitude Effect of Cosmic Rays at High Altitudes and
Latitudes,' Phys. Rev. 90, 655-674 (1953).

H. V. Neher and A, Johnston, "Techniques Useful in Evacuating
and Pressurizing Metal Chambers,' Rev. Sci. Instr. 45,
517-518 (1954).

H., V. Neher and A. Johnston, '"Modification to the Automatic
Ionization Chamber,' Rev. 5ci. Instr. 27, 173-174 (195¢).



87

60. L. B. Loeh, Basic Frocesses of Gaseous Electronics,
(University of California Press, Berkeley, 1960).

61. J. A. Bistline, ""Some Properties of BF3 in Ionization Chambers,"
Rev. Sci. Instr. 19, 842-846 (1948).

6d. H. S. W. Masgsey and E. H. 5. Burhop, Electronic and Ionic
Impact Phenomena, (Oxford University Press, London, 1958).

63. H. V. Neher, '"Variable Sensitivity Automatic Ionization
Chamber," Rev. Sci. Instr. 32, 48-49 (1961).

64, H. A, Bethe and J. Ashkin, '""Passage of Radiations through
Matter, ' Experimental Nuclear Physics (John Wiley, New
York. 1953). VOL I' PP 166‘357-

65. R. D. Evans, The Atomic Nucleus, (McGraw=-Hill, New York,
1955).

66. W. H. Barkas, '"The Range-Energy Relation in Emulsions, "
Nuovo Cimento 8, 201-214 (1958).

67. W. D. Allen, Neutron Detection, (Philosophical Library Inc.,
New York, 1960), pp. 145-155,

6¢8. H. A. C. Neuberg, R, K. Soberman, M. J. Swetnick, and S. A.
Korff, '"High Altitude Coamic Ray Neutron Density at the
Geomagnetic Pole,' Phys. Rev. 97, 1276-1279 (1955).

69. H. R. Anderson, private communication.

70. H. R. Anderson, '"Sudden Increase of Cosmic-Ray Intensity,''

71. H. V. Neher and H. R, Anderson, "Two Unusual Events at High
Altitudes,' Proc. of the Moscow Cosmic Ray Conference
(Moscow, 1960), English ed., Vol. 4, pp. 101-103.

74. K. A. Anderson, ''Solar Flare X-Ray Burst on Sept. 48, 19¢1,"
J. Geophys. Research 67, 4103-4117 (1962).

73. J. R. Winckler, '"Balloon Study of High-Altitude Radiations
during the International Geophysical Year,'" J. Geophys.
Research 65, 1331-1359 (1960).



74.

75.

76.

77,

78.

79.

80.

81.

8a.

83.

84.

85.

88

H. T. Mantis and J. R. Winckler, "Balloon Cbservation of
Artificial Radiocactivity at the Base of the Stratosphere, '’
J. Geophys. Research 65, 3515-3519 (1960).

W. F. Libby, '""Radioactive Strontium Fallout,' Proc. Natl.
Acad- Sci- U- S- ﬁ. 365"390 (1956)0

L. Machta and R. J. List, "Analysis of Stratospheric Strontiumgo
Measurements,'' J. Geophys. Research 64, 1467-1476 (1959).

R. C. Haymes and S. A. Korff, ''Slow-Neutron Intensity at High
Alttudes,' Phys. Rev. 120, 1460-1462 (1960).

R. F. Christy, "Point Source Problems and Albedo, ' Lecture
Series on Nuclear Physics, (U. S. Govt. Printing Office,
Washington, 1947), pp. 117-121.

W. P. Reidy, R. C. Haymes, and 5. A. Korff, "A Measurement
of Slow Cosmic=Ray Neutrons up to 200 Kilometers, "
J. Geophys. Research 67, 459-465 (1962).

W. N. Hess and A. J. Starnes, '"Measurement of the Neutron
Flux in Space,’ Fhys. Rev. Letters 5, 48-50 (1960).

J. P. Martin, L. Witten, and L. Katz, '"Cosmic~Ray Albedo
Neutron Flux Measurement Above the Atmosphere, "
(to be published in 1963).

S. J. Bame, J. P. Conner, F. B. Brumley, R. L. Hostetler,
and A. C. Green, "Neutron Flux and Energy Spectrum
Above the Atmosphere,’ J. Geophys. Research 68,
1221-1228 (1963).

J. A. Simpson, W. Fonger, and S. B. Treiman, ''"Cosmic
Radiation Intensity=-Time Variations and Their Origin. I.
Neutron Intensity Variation Method and Meteoroclogical
Factors,' Phys. Rev. 90, 934-950 (1953).

J. Strong, Procedures in Experimental Physics, (Prentice-Hall
New York, 1938), pp. 188-216.

P. L. Kirk and R. Craig, '""Reproducible Construction of Quartz
Fiber Devices,' Rev. Sci. Instr. 19, 777-784 (1948).



86.

87.

88.

89.

90.

91.

94.

93.

94,

95.

89

P. L. Kirk and . L. Schafier, "Construction and Special Uses
of CQuartz Helix Balances,' Rev. Sci. Instr. 19, 785-790
(1948).

F. M. Ernsberger and C. M. Drew, 'Improvements in Design
and Construction of Quartz Helix Balances,' Rev. Sci. Instr.
24, 117-121 (1953).

H. V. Neher, private communication.

H. 5. Booth and D. R. Martin, Boron Trifluoride and Its
Derivatives, (John Wiley, New York, 1949).

1. L. Fowler and 7. R. Tunnicliffe, ""Boron Trifluoride Pro-
portional Counters,' Rev. Sci. Instr. 21, 734-740 (1950).

V. C Tongiorgi. S. Hayakawa, and M. Widgoff, "High Pressure
FProportional Counters, ' Rev. Sci. Instr. 42, 899-904

(1931)

R. B. Mendell, Flateau Slopes and Pulse Characteristics of
Large, HighePressure BF , Counters, New York University
AFOSR-TN-59-738, July 1959.

'SV- D. Allen. Opo Cit.. ppt 155"159-

R. V. Meghreblian and D. K. Holmes, Reactor Analysis,
(McGraw-Hill, New York, 1960), p. 24¢,

D. J. Hughes, Neutron Cross Sections, (Pergamon Press,
New York, 1957), p. £5.




90

APPENDIX A. SYMBOLS, UNITS, AND NCMENCLATURE

Most of the symbols used in this thesis are defined along with

the equations in which they appear. A {ew symbols are used repeti-

tively,and are defined only {or their irnitial appearance.

 of these symbols are repeated here.

sphere

overhead.

N

0B

)]

H

i

n

; -3
neutron density (neutrons ecm 7).
-2 <k
neutron ilux (neutrons cm = sec ).

neutron source function expressed in neutrons cm ~ sec
or neutrons cm=2 gec-1, depending upon the context.

: . : -3
density of medium expressed in nuclei cm ~, or;

used as identification symmbol for ''neutron,"
e.g., ©(n), the neutron flux.

reaction cross section per farget nuclei.

macroscopic cross secton oi a medium for some
specified reaction. ¥ = no.

energy.
velocity.

3
volume of a detector (cm™).

ionization current measured by an ionization chamber.

-1
Neutron flux is expressed in neutrons sec  that intercept a

of unit cross section area. © = Nv.

Pressure altitude is expressed in grams cm  mass of air

The conversion {rom pressure altitude in grams cm  to

standard altitude in {eet is given in Figure 1.

The definitions

-1
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I(BlOF3). (B HFS), and I(Argon) are the ionization currents
measured by chambers filled with the indicated gas. The ionization
currents are expressed in ''equivalent ion pair's,” a unit that reduces
to ”io.n pairs cm-3 se:c:.1 atm-l of air'" in the absence of a neutron flux.

I(n) is the ionization current due to the reaction
Blo(n.fv)Li7 + 2.35 MeV ina BloFs chamber enriched in the B —
isotope to 9¢%.

I(c.p.) is the ionization current due to the ionizing component

of cosmice-rays.
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APPENDIX B. THE ELECTROMETER UNIT

The Neher integrating ionization chamber has been described
in the literature (26, 56-59). See Chapier 1V for a description of the
ionization chamber and for an outline of the operation of the guartz
electrometer unit. Figure 4 is a drawing of the quartz electrometer
unit. If a significant level of impurities is present in the chamber
gas, or if the electrometer unit is improperly constructed, the total
number of pulses attainable {rorn the ionization chamber will be
severely restricted. This section presents an a.nalyais oi the recharging
mechanism and provides a prescription for satisfactory construction of

the electrometer unit.

Analysis of the Recharging Mechanism

Given the fiber teatoring force Ff(z) and the electrostatic
attractive force of the f{iber to the collector Fe(z, AV), where =z
represents the {iber displacement from an unstressed position and
AV represents the iiber~to-collector differential voltaga. then a position

oi stable equilibrium will be found ior

Ff(z) = Fe(z.AV) ' Condition (1)
provided
aFi.(z) aFe(z.AV)

> & Condition (2
oz dz ( )
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The fiber restoring iorce will vary roughly as some power law ot

the displacement z. However, as the {iber approaches fhe collector,
the electrostatic iorces will increase without limit. Thus, by proper
spacing of the fiber-to-collector distance, condition (2) will be
violated for a particular AV, instability will result, and the {iber will
accelerate toward the collector.

The motion of the fiber subseguent to impact upon the collector
is rather involved, and depends not only upon the particular fiber-
collector geometry, but also on the associated electrical circuit.
"Dynamic’ forces due to the motion of the fiber, the coefficient of
restitution for fiber impact, the fiber-to-collector adhesion, the
various capacitances of the electrometer systern, the electrical
resistance of the iiber, and the rate of recharging are factors which
determine how long the fiber remains in contact with the collector
and the duration of time for maintenance of electrical continuity from
the iiber to the collecior. After discharge of the current pulse to the
collector, the fiber-to-collector diiferential voltage is nullified and
the fiber returﬁs to its unsiressed position.

When the electrometer unit and the associated grounded shell
are operated a3 an ionization chamber, AV increases with time due
to the collection of electrons by the collector. Thus in a time inde-
pendent flux of charged particles, the chammber recharging pulraea

occur at regular intervals, with a statistical variation resulting from
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the finite number of particles interacting in a chamber, and a sys-
tematic variation due to irregularities in the amount of charge trans-
fer;'ed to the céllector during a chamber pulse.

The waveform of the recharging pulse fr'c;{x the ionization
chamber and the associated electrical circuit can be interpreted in
terzos of the schemnatic shown in Figure 18.

The collector to spherical shell capacitance, Cc. is estimated

to be about 3 pf, as deterwmined from

where I;Vo is the {iber=toecollecior poteniial necessary to initiate the
recharging cycle, and t‘;;go iag the amount of'charge per pulse. AVO

can be roeasured dirvectly; -L;o can be calculated by placing the chamber
at a point of known ionization. |

The quartz fiber resistance is determined by the thickness of
aguaday deposited on the fiber. Values from 0.2 MQ to 2 M2 per-
form in a satisfactory manner.

Because of the small dimensions involved, the fiber-to-collector
capacitance ig small with respect to the collectoreto=-spherical shell
capacitance (Cf << Cc) .

The distributed capacitance oi the electrometer systern and

the distributed capacitance of the recharging circuit are estirnated

by measuring the pulse height on an oscilloscope. The observed pulse
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height, AV'O. is related to AVU by

AVO' = AV cc

C +C +C +C
c e r i

Alsc, by observing the decay time of the pulse, an’independent value

is obtained:

Ty R (ce+cr+ci) :

Values of Ge + Cr = 20 pf are in agreement with either method.

The recharging circuli resistor, R is deterinined by require-
ments on the pulse length. “or Rr = 1 M, the decay time of the pulse
is observed to be about 30 wsec.

The blocking capacitor of the recﬁarging circuit serves to isc-
late the araplifier input from the recharging battery. Its value is
chosén to be large with respect to other capacitances (Cb = 0,001 pi).

Ri and (:i represent the input immpedance of the associated -
amplifier and are:

R, =1MAQO, C

i i

Ri =10 MO, Ci

10 pi for a flight unit;

i

10 pf for an oscilloscope.

Ag soon as continuity is established between the fiber and the
collector, a current results which transfers charge from Ce. Cr.
and C, to the collector capacitance, CC. Thus the rise time of the

i

electrometer pulse is deterrmined primarily by the fiber resistance



96

and the collector capacitance. Rige times measure 0.2 to 2 usec for
fiber resistances of 0.1 to 1 MO . Itis somewhat difficult to ascertain
the fiber resistance at the point of contact, since the resistance varies
considerably over small distances. The characteristic rise time

ought to be of the order of L R Cc = 0.3 to 3 psec, which agrees

f
with the observed times.

As soon as the voltages across Cc and Ce + Cr + Ci have
equalized, the pulse attains its maximum value. All the capacitances
then charge together until the fiber-to-collector continuity is lost.
Because Cf << Cc << Ce + Cr + Ci'. it is not possible to determine the
exact time when continuity ceases from examination of the oscilloscope
display.

The presence of the blocking capacitor Cb does not affect the
shape of the recharging pulse. While Cb does introduce a normal

mode with a long characteristic time,

Ty = Cb (Rr + Ri) =2x 10" gec. '

the amplitude of this mode is not excited by the pulsing operation.
Th,g time when the fiber-to-collector conduction stops is

related to the fiber motion away from the collector. Interpretation of

this event is involved, because there are present several effects dif-

ficult to estimate. The manner of impact of the fiber onto the collector

is certainly important, as well as the adhesion of the fiber to the
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collector. Unless the impact occurs somewhere near the radius of
gyration of the fiber about the attached end, then lateral motions and
fiber rebound are likely to occur, resulting in intermittent continuity.
Adhesion sets a lower limit for the fiber restoring force, and also
restricts the materials that may be brought into contact e.g., a
gold~to-gold contact is unsatisfactory. The presence of impurities in
the chamber gas may also increase the adhesive effects.

A g long as the time scale of the recharging operation is short
with respect to motions of the fiber, then the potential to which the
collector is finally charged should be repeatable. The fundamental
frequency of vibration of a quartz fiber 10 microns in diameter and
0.9 c¢m in length, fastened to a support at one end, is about 100 cycles
per second. This is in correspondence with the maximum pulsing
rates observed which are of the order of 50 pulses per second. Thus
motions of the fiber occur on a time scale of milliseconds, a duration
long with respect to the recharging time.

Apparently the collector never does reach battery potential.

If the input capacitance of the amplifier is raised by a factor of 10,

the pulsing rate of a chamber may change a few percent. The decreased
gsize of the pulse permits the collector to be charged to a higher |
potential, thus increasing the time between chamber pulses. This
implies that. aoﬁ:e chambers maintain fiber -to=collector conduction

for periods as short as 50 usec. The presence of this effect requires
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that the ionization chamber be calibrated with the particular transmitter
to be used on a flight.

In a constant flux of charged particles, the recharging pulses
are observed to occur at regular intervals, with a variation of 1%
which can be attributed to the finite number of particles interacting
in the chamber (approximately 104 per pulse). Averaging over a
number of pulses will improve the statistics, but only up to a system-
atic variation of the order of 0.3%. The systematic variations are
probably due to alterations of the fiber null position, irregularities in
the fiber instability point for cornmencement of the recharging cycle,
and variations in the final potential to which the collector is charged--
all of which result in a varying amount of charge being transferred
to the collector.

Secular variations for the individual ionization chambers appear
to be quite small. Five chambers which have been used as standards
on summer trips to Thule, Greenland since 1959 and conseguently
have been subjected to rather severe treatment exhibit variations
from their mean value of less than 1%. A much larger value would
probably be indicative of a chamber leak or malfunctioning of the
electrometer unit.

The pulsing rate of the ionization chamber has some dependence
upon the battery potential of the recharging circuit. This is due to.

electrostatic effects in the electrometer systern and to recombination
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of ions in the chamber gas. As originally designed, the ionization
chamber displayed a voltage dependence of 0.7% per volt. After the
fiber region was enclosed with a conducting shield held at battery
potential, the voltage dependence decreased by over a factor of a
hundred (59). This improvement results from the elimination of
electrostatically induced stresses on the fiber due to fiber-to-
electrometer ground capacitance. These stresses alter the fiber null
position and change AVO. the iiber-to=collector voltage required for
inidation of the recharging cycle. Ionization chambers filled with
argon to a pressure of eight atmospheres have voltage coefficients
varying between 0.001% to 0.005% per volt.

The temperature dependence is quite amall. For ionization
chambers filled with 8 atm of argon, the temperature sensitivity is
less than 0.03% per °C for the better units. The dependence on tem=
perature is due to recombination in the chamber gas, changes in the
fiber elastic constant, aﬁd to nonuniform coating of the fiber.

Because of the small diameter of the recharging fiber, the
effects of gravity and of chamber accelerations are important. Treating
the fiber aa a cantilever beam of uniform cross sectional area, the
change in the fiber~to-collector spacing when the chamber is inverted
can be estimated. For a 10 micron quartz fiber, 0.9 cm in length,
the displacement of a point on the fiber 0.5 cm from the attached end

is 0.002 cm when the chamber is inverted. For a fiber—to;collector
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spacing of 0.013 cm, this corresponds to a percentage change in

spacing of 15%. The observed change in the pulsing rate of an ionization

charnber is of this order, ranging from 10% to 20%. This sensitivity

to the direction of gravity dictates the geometry of the electrometer

system as shown in Figure 4. The unit is designed to displace the

fiber in a vertical direction with respect to gravity. Thus the calibration

of the chamber has a (IQ% cos 8) dependence on the angle of tilt,

which for angles smaller than 20 degrees will have less than a 1% effect.
In summary, there are many forces that act on the recharging

fiber--electrostatic, dynamic, adhesive, gravitational-~and each of

them places certain stipulations on the design and construction of the

electrometer unit.

Prescription for Satisfactory Construction of the Electrometer Unit

The materials for construction of the electrometer unit and
techniques for mounﬂn‘g in the chamber have been discussed in the
literature (26,56-59). This section is primarily concerned with
mounting and preparation of the quartz fiber for recharging the collector.

The quartz system is best constructed using a binocular mmicro=
scope, micromanipulators, small torches, and other equipment as

described by H. V. Neher in Chapter V:
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"The Use of Fused Silica' of Procedures in Experimental Physics (84).

The basic quartz framework of the unit is most efficiently assembled
in a jig with provision for linear motion of the fiber support arm in
order to adjust the fiber -to-collector spacing.

Except for insulating sections about 0.5 cm long, all of the
exposed quartz is coated with graphite to eliminate spurious electro-
static fields resulting from charge deposited on nonconducting surfaces.
The recharging fiber is also coated with graphite because graphite-to-
graphite contacts seem to have lower adhesion than most metal-to-
metal contacts. The graphite is deposited out of solution by painting
the surface with diluted ''aguadag,' a suspension of colloidal graphite
in water. ("' Aquadag,' colloidal graphite in water=-22% solids, can
be obtained firom the Acheson Colloids Company, Port Huron, Michigan.)
The diluted solution of aquadag is prepared as follows:

1) Stir 10 ml of "Aquadag'' in 50 ml of distilled water.

2) Shake well, and let the solution stand for 24 hours so that

the graphite not in suspension will settle out.

3) Pour off the top 75% for use.

The recharging iibers are constructed from fused quartz, 5
to 10 microns in diameter. Several methods of producing quartz fibers
of this size are known (85, 86, 87). The method of drawing quartz fibers

out of the molten tip of a quartz rod and winding them on a revolving
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i

drum appears to be the most satisfactory. Using such an apparatus,
H. V. Neher has drawn fibers as small as 3 microns (88). The 10
micron fibers used in this experiment were made on such a3 machine.
Immediately aiter production, the fibers are cut into 20 cmn lengths
and stored in a desiccator. Small gummed labels are attached to both
ends of the fibers to facilitate handling.

The following procedure was found to be satisfactory for mount-
ing the 10 micron fiber on the support arm of the electrometer unit.
Attach a srnall gurnmed label about 4 cm from the lower tab of a sus-
pended length of fiber. {irst cut the attached t;b in hali, then cut the
short length of fiber in half. This results in two 2 cm lengths of fiber,
both secured to tabs.

Now heat the end of the fiber support armm and with another
quartz rod pull it out to form a small tip. Then mount the tab, with
attached fiber, in a holder of a micromanipulator and adjust the
manipulator until the fiber lies over the tip of the support arm in a
direction roughly corresponding to its final attachment position. Then,
using 2 small hydrogen-oxygen flame, heat the support arm in the
vicinity of the fiber, being careful nét to direct the flame onto the fiber.
‘When the tip of the support arm becomes molten, the surface tension
of the molten quartz will draw the fiber in. Advance the manipulator
so no tension is present in the fiber, and then flex the {iber with a steel

needle to test the attachment. Back the manipulator off until the fiber



103

is straight, but still under no tension, and then heat the fiber in a
very small pure natural gas flame. This will straighten out the fiber
and adjust its position. Finally, cut the fiber to the desired length.
Figure 19 gives the dimensions of the fiber and of the attachment
geometry for the electrometer units used in this experiment.

Preparation of the collector contact region consists of painting
on the aquadag, baking with a hot wire heater, and buffing with a
cotton swab to remove any irregular deposits. The graphite will take
on a polished finish with enough reflection to mirror the fiber when it
is brought into contact.

The coating of the fiber is the most difficult operation in the
assembly of the electrometer unit. The manner in which it is done
determines the stability and lifetime of the unit. Fiber sizes rangihg
down to 10 microns in diameter can be coated using a simnall artist's
brush. For smaller fibers, and for a more uniform distribution of
the agquadag coating, the method described here is recommended.

The applicator for the aquadag is made from a 1 mm quartz
rod. One end of the rod is necked down by pulling it out”in a flame.
The forces of surface tension will cause a drop to adhere to this end
when the rod is dipped in the agquadag. A #36 Pt wire mounted in a
conducting holder and supported by a manipulator is used for measuring

the resistance of the applied aquadag coating. Better electrical contact
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is maintained with the fiber if the Pt wire is also coated with aquadag.
A hot wire heater, held directly under the fiber serves to enhance

the deposition of aguadag onto the fiber. The heater also bakes the
fiber coating to insure that the fiber does not change position when
the assembled chamber is evacuated and degassed in an oven. By
applying the hot wire directly to the quartz fiber, irregular deposits
of aguadag can be removed, without apparent damage to the fiber.

The arrangerent of equipment for the coating process is shown in
Figure 19.

The depoéition of the aquadag ofxto the fiber is most effectively
accomplished by holding the applicator in the worker's hands. Trembling
61‘ the fingers can be minimized by cupping the handa together, and
by bracing the heel of one hand against a rigid support. The entire
operation should be viewed through a binocular microscope. The
aquadag is evaporated onto the fiber by slowly working the aguadag
drop down the length of the fiber, starting at the attached end. By
means of the micromanipulator, bring the Pt wire into contact with
the conducting coating to measure the resistance, and to locate non-
conducting regiona. Continue to apply aquadag until the resistance of
the fiber is 0.2 MQ to 2 MQ in the region that makes contact with the
collector. A thicker coating of aquadag should be applied to the region
where the fiber makes contact with the collector. This thicker coating

will increase the total number of pulses attainable from the unit.
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After the fiber has been coated, the gquartz system should be
mounted in a jig, and final adjustment made for the desired fiber-to-
collector spacing. Finally, the entire quartz system, exclusive of
insulating sections, should be co#ted with aquadag to eliminate spurious
electrostatic fields.

Proper {fiber coating techniques will result in pulsing lifetirmnes
in excess of 104 pulses in an inert atmosphere. Using a wider fiber-
to-collector spacing, H. R. Aﬁderson has obtained pulsing lifetirnes

in excess of 106 pulses (69).
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APPENDIX C. PREPARATION AND PURIFICATICN OF BF3.

The boron trifluoride was obtained from Union Carbide Nuclear
Company, Cak Ridge National Laboratory, Radioiscnltopes Sales Dept.,
P. O. Box P, Qak Ridge.. Tennessee. The natural abundance of Blo.
in boron is 19%. Oak Ridge National Laboratory supplies two isotopic

10 11

ratios of B to B in the BE‘3. In one, the Bm concentration is

‘ 11 1
enriched to 96% (4% B ' ); in the other, the B 4 concentration is depleted

to 11% (89% Bll). The BF _ is chemically combined with Cal?"Z to form

3
a BF‘3'CaF‘z complex. The complex is a white powder and may be exposed

to air. Approximately 6.5 grams oi BF °Ga.F‘2 are needed to obtain

3
1 liter of BF3 atS. T. P. The BE‘3 is easily released by heating to

temperatures above 250°C. BF_is an extremely useful compound,

3
both industrially an_d in the laboratory. A large amount of literature
exists concerning ité chemical and physical properties (89).

Boron trifluoride is a colorless gas which hydfoiyzes in ordinary
air, producing a copious white smoke. It has a melting point of -127°C
and a boiling point of -101°C. Itis thermally stable and is not changed
by the passage of a spark. It combines readily with water, forming a
strongly acidic solution, and it will react with organic compounds. It

begins to react with silica at 350°C, and the reaction is relatively rapid

at 450°C.
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The reactivity of boron trifluoride with water and organic
raterials precludes the use of stopcock grease and rubber O-rings,

stoppers, and gaskets. The reactivity of BF_ with silica at high tem=-

3
peratures eliminates glass as a construction material for the container

in which the thermnal decomposition of BF _"Caf _ takes place. Thus

3 2
the properties of BE‘3 require that the preparation, purification, and
storage of the gas take place in a metal system. Several similar pro-
cedures have been developed by various workers for processing the
boron trifluoride prior to filling the instruments (61,90-92). The
method presented here is essentially an adaptation of these procedures.
The system used for the work of this thesis was constructed
principally out of copper. The techniques of assembly of such a copper
processing system have been described by H, V. Neher and S. Prakash
in the literature (1). The number of valves in the system was kept to
a minimum by employing the pinching and de-pinching techniques for
copper tubing as described by H. V. Neher and A. R. Johnston (58).
A rubber seating gasket and a rubber O-ring in the main valve to the
pump station were removed, and were replaced by ones compoased of
teflon (teflon is a fully-fluorinated hydrocarbon). Other valves in the
system were of an all-metal construction. Figure 20 depicts the
processing system. The pump station consisted of a thermocouple~
type vacuum gauge, an ionization-type vacuum gauge, a liquid nitrogen

cold trap, a mercury diffusion pump, a three-way stopcock, and a
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forepump. The main portion of the processing system consisted of a
1 inch diameter manifold, to which were attached by copper tubing

four cylinders: a cylinder for the thermal decomposition of BE‘3'CaF2

{Cyl. 4), a CaFZ settling tank, and two cylinders for vacuum distilla«
tion of the BE‘3 (Cyl. B and Cyl. C). Alsoc attached to the manifold
were two pressure gauges (vacuum to 1 atm and vacuum to 3 atm), a
filling line to the ionization chambers, a thermocouple-type vacuum

gauge, two storage tanks for BloFa and B“F3. an argon tank, and a

sub=system for'disposing of waste gases.
The boron trifluoride was evolved from 200 gram lots of

BF3'Ga,F2. This quantity of BF3'C3F2 should produce 30 liters of

BFB at 5. T. P. (The volume of an ionization chamber was 9 liters.)

The BF "Ca’Fz powder was placed in a copper cylinder, which was

3
then brazed into the systern. During the brazing process, the cylinder

was irnmersed in a pan of water to prevent the BF 'Can from rising |

3
above 100°C. Using only the forepump, the cylinder was evacuated

very slowly to prevent écattering of the BF3'GaF 2 powder. Thies was
accomplished by opening the pump station valve only a fraction of a

turn. After the cylinder was evacuated, the pump station valve was
turned to thve fully open position and the BF3'CaF‘2 powder was outgassed

for .24 hours. At the end of this period, the pressure was down to a few

microns of mercury as determined by the therrocouple-type vacuumn
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gauge (these gauges monitor the pressure from 1 to 1000 microns of
mercury).

The mercury diffusion pump was turned on, and the temperature
of the cold trap was lowered to ~196°C by the use of liquid nitrogen.
An electric oven was placed around the cylinder and the temperature
raised to 80°C. The temperatufe was regulated by a Fenwal Thermo-=
switch and was monitored by a Weston Industrial Thermometer. The
preassure rose to about 50 microns, stabilized, and then slowly decreased.
After 8 hours of outgassing at 80°C, the temperature was raised to
110°C. An additional 8 hours of outgassing followed, and the pressure
decreased to a few microns. Then the temperature was raised to
350°C to initiate the thermal decomposition of the BF3'CaF2. When

the system pressure reached 50 microns, the pump station valve was

closed, one .of the BF_ storage tanks (500 ml stainless steel cylinder;

3
maximum pressure:1800 p.s.i.) was opened to the system, and the

temperature of the storage tank was lowered to «19¢6°C. As the BF3

evolved from the complex, it condensed and solidified in the storage
tank, The BF‘3 continued to evolve for a period of 4 hours. At this

timie the aven was turned off, the BF '(;a}.’-‘2 cylinder and the CaF

3
settling tank were isolated from the system by the pinching technique,

2

the storage tank valve was closed, the pump station valve was opened,

and the entire syatem was outgassed with a torch.
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The storage tank valve was opened and the coéﬁensed BE‘3 was
pumped on. When the indicated pressure dropped t.o l x 10-4 mm Hg,
the storage tank valve was closed. The temperature of the storage tank
was raised to room temperature and then lowerred to =78°C (the temper-
ature of a dry ice and acetone bath). The pump station valve was closed

and the termnperature of Cyl. B was lowered to =-196°C. The BF_ storage

3
tank valve was slowly opened to allow the BF3 to enter the systern and
condense in Cyl. B. The storage tank valve was opened at such a rate
that 2 atm pressure was maintained in the system. An abrupt decrease
in pressure indicated that the transfer of most of the BF3 was corm-
plete, and the storage tank valve was closed.

The remainder of the purification process consisted of a vacuum

distillation procedure. The condensed BF_ was pumped on in one of

3
the two c,linders (either Cyl. B or Cyl. C) until an indicated pressure
of 1x 10-4 mm ﬁg was obtained. Then the B}?3 was transferred to

the other cylinder to allow any occluded gases to escape. The trans-
fer of the li’:‘!:“3 was done at a system pressure of 2 atm in a length of
time of about 10 minutes. It was found that transfer of the gas at low
pressures (about 1 mm Hg) took a very long time, and that any attempt
to speed up the transfer by heating the cylinder generally resulted in a
sudden increase in the system pressure that was difficult to control.

After the transfer and vacuum distillation procedure had been carried

out several times, the system pressure immediétely after transfer but
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prior to reopening the pump station valve was less than 10 microns.
Prior to the BE‘S processing, the ionization chambers to be
filled were heated in an electric oven to 300®* C, and were evacuated
and outgassed until an indicated pressure of 1 x 10-5 mm Hg was
obtained. When the vacuum distillation procedure had been completed,
the pump station valve was closed. Then the condensed BE‘3 wasg
allowed to warm. The first portion of the released gas was discarded.
Then the filling line to the ionization chambers was opened slightly.

The rate of release of the BF_, was adjusted so that the system pressure

3
did not rise more than a factor of two above the final filling pressure
for the chambers. The BE‘3 pressure in the chambers was closely

- monitored on an accurate pressure gauge (0-760 mm Hg; accuracy:

+ 0.5%) during the filling procedure. When the desired pressure was
obtained, the filling line was cloﬁed by the pinching technique. The
ionization chambers and pressure gauge were allowed to sit for five
minutes to achieve pressure and thermal equilibrium. Then the:
pressure and temperature of the ionization chambers were recorded.

The remaining condensed BF_ in the systemn was transferred to the

3
storage tank.
Any gases to be discarded were condensed in the cylinder of

the waste gas subsystem. These gases were allowed to slowly bubble

through n~butyl ether in an Erlenmeyer flaak, and then the subsystem
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was flushed with argon. All of the BF_ present in the waste gas would

3
dissolve in the n-butyl ether, which could easily be disposed of by

pouring down a sink.
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APPENDIX D. IONIZATION CHAMBER SELF -SHIELDING

CALCULATION.

As a result of the 1/v energy dependent character of the
Blo(n. r.v)Li7 reaction used to detect neutrons, the ionization charnbers
used in this experiment measure the density of slow neutrons (E < 10
keV). However, the measurement process pert\nbs the neutron flux
(by absorbing the neutrons in the Blo(n.a)Li7 reaction), and a correction
to the observed neutron density must be made for this perturbation.
Two effects have to be considered. The presence of the chamber gas
(as an absorber) depresses the neutron flux in the vicinity, thereby
decreasing the flux incident on the chamber. The neutron absorbing
property of the chamber gas also attenuates the incident neutron flux
as it traverses the chamber.

For the depression of the neutron flux incident on the chamber,

it can be shown that

"A"?i~Oo3F":—'O.’v
P A

8
where R is the radius of the chamber, ka is the neutron scattering
length in air, and a is the probability that an incident neutron will be
absorbed (93). The radius of the chamber is 13 cm; A | has its minimum

value of 22 meters at sea level; the maximum value for o is unity.
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Thus, Aw

2 e 2x10" 0
o©

Therefore, the flux depression in the vicinity of the chamber may be
neglected. It is a correction which is mainly applicable to absorbers
located in condensed media.

The attenuation of the neutron flux as it traverses the chamber
is significant, and a calculation must be made to determine the cor-
rection to the observed neutron density. This effect is referred to as
"gelfwshielding' (94), "self-absorption,' or "self-érotection“ (95).

Let the ''self-shielding factor'' for the ionization chamber be

defined as

where W = neutron capture rate of the ionization chamber

W' = neutron capture rate of the ionization chamber under the
assumption that no attenuation of the incident flux occurs
(thin detector approximation).

oo 0
Now W= [ aE w(E)= [ dE 2(E) o(E)
o o
ao a0
and W'=s [ dEw'(E)= [ 4dE T'(E) o(E) ,
(s] [#]

where «(E) is the neutron differential energy flux expressed in units
of neutrons cm*=2 sec‘leV'l,

$(E) is the total cross section of the chamber expressed in
units of cm®™ , '

and I'(E) is the total cross section of the chamber in the limit of
the thin detector approximation expressed in units of cm .
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The ionization chamber is filled with BF _ gas to a pressure of

3
380 mmm Hg at 0°C. The gas is enriched in the Blo isotope to a con-
centration of 96%. The chamber is a sphere of radius 13 e¢m.
10 7
The cross section for the B° (n,w)Li is
% ‘/Eo
JE

o(E) =

where o_ = 3813 barns and E_ = 0.0253 eV (24).

The value for the self-shielding factor will depend upon the
shape of the energy spectrum of the incident neutron flux. The energy
spectrum to be applied to the calculation of the self-shielding factor is
that obtained by Hess, Canfield, and Lingenfelter (4) in a multi-group
diffusion computation using an experimentally determined neutron
source spectrum (14).

The maximum in the neutron flux occurs at an energy of 0.1 eV.
Normalizing the results of the multi -group diffusion computation to a
value of

ch(E =Q0.1eV) =1,
the following functions fit the data (at least out to 100 keV. Since 99%
of the counts are due to the capture of neutrons with energies less than
10 keV, no error will be introduced by assuming the same power law

dependence out to infinity.):
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cpo(E) = 27.2 E exp(~10E) E< 0.2 eV

J(E) = 0.173 g% E> 0.2 eV

-8

Wo‘ can be calculated in a straightforward manner. In the
thin detector approximation, £%(E) is just equal to ¢(E) times the number

of B " nuclei present in the chamber,

o, ./'Eo
TYE) = (0.5)(0.96) L.V,
JE
19
where Lo = 2,687 x 10 (Loschmidt's number)
and .- 9,203 em® . (Volume)

Integrating T'(E)¢(E) numerically from 0 to 0.2 eV and analytically

from 0.2 eV to oo,

e
wo' = [ dE ‘?"(E)cpo(E) = 99.1 neutrons cap't sec-l.
o ;

Wo must be‘ot;tain‘eé by integrating over the different path
lengths through the chamber. Since the chamber is spherical, the total
cross section will bé independent of the direction of incidence. The
total cross section as a function of energy can be calculated by consider=-
ing the absorption of a uniform monoenergetic beam of neutrons

¥

incident upon the detector.



117

incident ﬂuxi

L, <— as(e)
)\

b

o
/ 6
\

The fraction of the flux entering dS(8) which is absorbed is

Zrocos B
l- exg{- x
1
where A= oo = mean absorption length
o

(o, = esiber of B2 waeled e = (0. 5) (0.9¢) Lg]-
Integrating over the sphere, the total cross section becomes:

2r cos®

)

i

0« |

o

0 - -
d8 r_cosf2mr sin® [1 exp(

Performing the integration,
-2r

o)
—————

() =ﬂr°2{l-2(5£——)2[1 - ® {1+ 2—:2)] }.
[}

1
Now A= il /E .
o no JE
O 0 [¢]
1
Define CO! = 4.92.

2rne JE
o oo o

Then,
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Z 2 1
(E) = 1'1'1-0z {1 +2 Co JE exp{-—llco /E) - 2C 'E + 2C "B exp(-l/CoJE) _,3’ .

WO(E) will be obtained by integrating Z(E)f,rno(E) numerically from 0 to
0.2 eV, and by integrating ?(E)qgvo(E) analytically from 0.2 eV to oo.
For the region from 0.2 eV to o, T(E) can be placed in a form amen=-
able to analytical.‘ intégration by expanding T(E) in powers of (l/Co JE)
and neglecting terms of sufficiently high order.

For integration from 0.2 eV to w,

3 4 5

r 2{ gty L-—-f-)‘z-‘-—-——-—‘>--’i-(‘+‘(‘)..}
‘(E)”ro Lﬁ CL‘O\/E"* CJ/E +15((39\/’7:?. 72 cjﬁ" 420 COJE s’ i

The first term for T(E) in this expansion is just the total cross section
in the thin detector approximation. The other terms are the corrections
for the attenuation of the flux in passing through the chamber, ordered
in increasing powers of (IICQJ‘E).

Performing the integration over all energies,

Qo
L r aE 5T(E)c§10(E) = 85,0 neutrons cap't Bec-l.
o

Now that values for wo' and Wo have been calculated, io can
be obtained (the subscript ”o” indicates that the energy spectrum of

Hess et al. was used).

W
° o 83.9 _o.857.

4 dhoimne
o w ! 99.1
(]
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The observed neutron density must be multiplied by

llfo = 1,166 ,
to obtain the neutron density in the atmosphere, unperturbed by the
measuring instrument. The value of fo = 0. 857 indicates that the
density of neutrons, averaged over the volume of the chamber, is
depressed by 14%.

Near the top of the atmosphere the energy spectrum of the
neutrons will change, due to the outward diffusion past the atmospheric
boundary of a certain'fra.ction of the neutrons. This will modify the
ratio of wo to Wo'. and will therefore change fo. However, the
multi-group diffusion calculations of Hess, Canfield, and Lingenfelter
indicate that the maximum in the energy spectrum for the flux of
neutrons at the top of the atmosphere still occurs at 0.1 eV, and the
decrease in ;ntensity falls off at higher energies with roughly the
same power law dependence. Thus the value for io that has been ob-
tained here should be valid throughout the entire atmosphere, and is
applied as a correction factor to the data analysis of Chapter V.

A similar calculation was performed for a charmber filled to
twice the concentration of Bm F_, corresponding to a BF

3 3
1 atm at 0°C, enriched to 96% in the B e isotope. A value for fo of

pressure of

0.76 was obtained.
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APPENDIX E.

BALLOON FLIGHT DATA



121

FLIGHT NO. 1

Giant Rock Airport
Yucca Valley, California
November 15, 1961

Ionization Current: I (Argon) in ion pairs cm.saec- per atm of air
Pressure Altitude: P (Mass of air overhead) in grams cm=2

lonization Chamber No. 335 (8 atm. of argon)
Transmitter No. 60
Barometer No. 69

P 1 (Argon)
e 150.2
19 148.8
21 152.8
24 157.8
27 163.5
30 169.8
34 172.8
38 177.2
43 181.7
48 187.4
54 188.9
60 195.7
66 199.5
73 . 198.8
81 198.8
92 194.7

105 189.5

118 184.6

129 176.2
142 168.0
154 160.6
169 149.5
186 140.5

209 125.1

232 112.4

245 103.8

263 94.2

280 83.2

305 71.5

338 59.5

380 45.4

421 35.9
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FLIGHT NO. 2

Giant Rock Airport
Yucca Valley, California
February 6, 1962

Pressure Altitude: P (Mass of air overhead) in grams cm
Ionization Current: I(BIOE‘s) in equivalent ion pairs

Ionization Chamber No. 321 (BmF at 682 mm Hg)

Transmitter No. 54 3
Barometer No. 79
P I (BmF‘ )
3
30 210.8
32 220.2
35 231.9
38 233.5
42 242.5
45 252.2
50 258.8
85 262.7
61 275.2
66 276.3
72 281.9
78 281.9
85 285.4
93 285.4
102 287.8
109 275.2
119 275.2
136 262.7
153 245.9
168 239.1
183 225.9
201 210.2
224 180.6
272 142.4

332 109.7
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FLIGHT NO. 2 (cont'd)

Pressure Altitude: P (Mass of air overhead) in grams cm~
Ionization Current: 1 (B11F3) in equivalent ion pairs

Ionization Chamber No. 279 (B“F
Transmitter No. 41

3 at 684 mm Hg)

p 1ellr))
. 3
30 175.6
34 180.1
39 188. 6
46 196.4
56 203.3
56 204.1
78 206. 6
93 204.9
110 200.4
= 130 186.8

155 172.6
186 152.0
235 117.9

385 52.1
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FLIGHT NO. 3

Giant Rock Airport
Yucca Valley, California
February 6, 1962

Pressure Altitude: P (Mass of air overhead) in grams e
lonization Currentt I (Blo‘r"3) in equivalent ion pairs

lonization Chamber No. 375 (B m!.i‘3 at 372 mm Hg)
Transmitter No. 42
Barorneter No. 80

P i(s 10 )

3
31 267.8
31 272.5
32 274.7
34 279.3
36 284.0
41 294.8
48 310.1
55 321.5
64 333.1
77 347.4
92 - 348. 6
112 342.1
131 329.8
155 310.1
186 274.7
225 232.1

303 155.2
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FLIGHT NO. 3 (cont'd)

Pressure Altitude: P (Mass of air overhead) in grams em™
Icnization Current I (B “F3) in equivalent ion pairs

Ionization Chamber No. 347 (BuE‘ at 368 mm Hg)

Transmitter No. 36 3

P 18''%))
31 187.0
33 187.8
3¢ 189.0
40 194.7
47 196.8
56 208,46
68 209.1
82 296, 6
98 204.7
123 195.2
150 179.8
190 150.2

253 108.1



Giant Rock Airport

126

FLIGHT NO. 4

Yucca Valley, California

July 4, 1962

Pressure Altitude:
Ionization Current:

P (Mass of air overhead) in grams cm’

1 (Argon) in ion pairs cm=3

Ionization Chamber No. 315 (8 atm of argon)

Transmitter No. 73
Barometer No. 82

P 1 (Argon)
6 126.8
6 126.5
6 127.3
6 129.8
6 129.5
7 131.4
7 139.3
8 125.0
9 130.6
10 136.0

10 137.4

11 135.6

12 140.3

13 141.5

15 143.2
16 144.3
18 151.2

20 154.0

22 157.3

24 162,9

26 167.2

29 169.8

32 176.2

34 178.4

38 179.3

41 181.9

45 186.3

50 188. 4

54 191.2

56 192.7

59 192.7

sec~1 per atm of air

P 1 (Argon)
62 193.4
64 197.9
67 193.4
70 197.4
73 196.0
7 199.1
80 196.8
83 199.9
87 197.2
92 194.3
96 196.2

102 191.4

105 193.2

111 191.9

11¢ 188.2
122 184.2
128 181.4

135 173.2
143 171.4

151 167.2

159 160.9

169 151.6

179 147.2

190 137.2

203 130.5

219 119.¢6

238 107.4

264 94.9

295 78.1

340 59.8

414 39.8

639 12.1
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FLIGHT NO. 5

© Giant Rock Airport
Yucca Valley, California
July 5, 1962

Pressure Altitude: P (Mass of air overhead) in grams cm”
Ionization Current 1 (Blo?s) in equivalent ion pairs
Ionization Chamber No. 253 (BIDF
Transmitter No. 53

Barometer No. 96

3 at 380 mm Hg)

P 1'%

3
6 154.2
T 162.2
10 174. 4
12 183.8
16 208.4
20 223.2
25 248.9
32 268.1
38 287.0
46 307.7
55 327.5
66 342.2
78 347.1
94 349.0
114 337.4
142 317.0
178 283.7

268 180.3
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FLIGHT NO. 5 (cont'd)

Pressure Altitude: P (Mass of air overhead) in grams cm
Ionization Current: I (B i 1F3) in equivalent ion pairs
Ionization Chamber No. 366 (BIIF‘ at 380 mm Hg)
Transmitter No. 57

Temperature monitored

3

P ‘I(BIIF )
3 H
6 140.9
9 145.2
13 152.2
20 163.7
28 178.4
47 196.2
80 204.5
120 191.5

187 169.6
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FLIGHT NC. 6

Giant Rock Airport
Yucca Valley, California
July €6, 1962

Pressure Altitude: P (Mass of air overhead) in grams cm™2
Ionization Current: I (BIOE‘B) in equivalent ion pairs
Ionization Chamber No. 271 (B loE‘ at 380 mm Hg)
Transmitter No. 40
Barometer No. 101

3

P I(BIOF )
- 3
7 160.2
9 175.1
i3 189.1
17 213.0
22 239.0
29 255.0
35 282.3
45 307.8
55 329.2
68 347.3
85 351.6
112 343.7
147 313.6
200 260.2

287 169.1
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FLIGHT NO. 6 (cont'd)

Pressure Altitude: P (Mass of air overhead) in grams cm’
Ionization Current: 1 (Argon) in ion pairs cm=3 sec=! per atm of air

Ionization Chamber No. 343 (8 atm of argon)
Transmitter No. 50

P 1 (Argon) P I (Argon)
4 131.9 53 194.0
5 127.8 61" 193.2
& 130.0 65 195.8
6 131.1 70 198. 3
7 132.2 75  200.4
8 134.3 79 196.6
9 134.9 83 198.3

10 136.8 88 195.0

1 141.8 94  196.2

12 137.0 : 100 192.4

13 143. 6 107 185.8

15 140. 4 113 185.8

16 152.0 119 179.0

17 148. 6 128 175.8

19 153.0 137 173.4

21 158.9 147 162.9

24 160.4 157 155.8

26 164.5 170 152.9

29 179.2 190 137.3

31 172.0 213 121.0

34 175.58 231 111.1

= 181.3 254  97.4

41 183.5 278 83.2

45 188.5 318 67.0

48 190, 2 370 48,0

465 27. 6
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FLIGHT NO. 7

Giant Rock Airport
Yucca Valley, California
October 22, 1962

Pressure Altitude: P (Mass of air overhead) in grams t::mm2
Ionization Current: I (BIOF3) in equivalent ion pairs

Ionization Chamber No. 309 (BloF at 380 mm Hg)

Transmitter No. 141 3
Barometer No. 102
10_,
P 1(B 7 3)
56 360.6
66 356.6
77 356.4
91 352.6
111 345.3
133 324.4
161 301.0
198 257.5
254 200.3
369 106. 8

10
Ionization Chamber No. 257 (B~ F_ at 380 mm Hg)
High Sensitivity Electrometer Unit
Transmitter No. 52

P 1 (B‘°s~3)

No data. Transmitter failed.
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FLIGHT NOC. 8

CGiant Rock Airport
Yucca Valley, California
October 23, 1962

Pressure Altitude: P (Mass of air overhead) in grams cm
fonigation Current: 1 (B 1017‘3) in equivalent ion pairs

Ionization Chamber No. 379 (B10F3 at 380 mm Hg)
Transmitter No. 142
Barometer No. 105

P I(BIOF )

3
6 171.7
7 181.0
9 188.4
10 194.3
13 209.5
15 226.1
18 245.9
21 263.0
25 285.5
30 315.1
34 358.2
38 424.2
44 439.7
49 456.2
56 397.3
64 375.2
76 361.1
, 90 350.3
107 342.8
127 323.8
147 302.6
182 275.6
224 226.4
278 170.7

372 101.9
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FLIGHT NO. 8 (cont'd)

Ionigzation Chamber No. 318 (BIOF at 380 mm Hg)
High Sensitivity Electrometer Unit
Transmitter No. 49

Pressure Altitude: P (Mass of air overhead) in grams cm”~
Time between ionization chamber pulses: At in min '
Ionization Chamber Calibration: K in min equivalent ion pairs
Ionization Current: 1 (BlOF3) in equivalent ion pairs

P At K (= 10F3)
760 8. 150 86.8 10
657 4.791 86.8 18
606 3.174 86.8 27
568 2.571 86.8 34
538 2.178 86.8 40
516 1.841 86.8 47

. 495 1. 646 86.8 53
480 1.460 86.8 59
461 1.438 86.8 60
448 1.276 86.8 68
434 1.248 86. 8 70
419 1.108 86.8 78
413 1.092 86.8 79

Calculated

P At 1(810ry)  k=1at
403 1.038 90 93.4
349 0.930 93 86.5
386 0.962 96 92.4
378 0.826 100 82.6
372 0. 843 102 86.0
364 0.782 106 82.9
358 0.762 109 83.1
351 0.740 113 83.6
346 0. 685 116 79.5
341 0.702 120 84.2
336 0.711 123 87.4
331 0.701 127 89.0
326 0. 687 130 89.3
318 0.611 136 83.1
313 0.657 141 92.6
308 0.635 145 92.1
303 0.587 149 87.5
298 0.549 - 153 84.0
293 0.575 158 90. 8
289 0.562 161 90.5
285 0. 546 164 89.

280 0.545 169 92.1



Ionization Chamber No. 318 (B1

Transmitter No. 49

13

4

FLIGHT NO. 8 (cont'd)

I3

0

F_ at 380 mm Hg)
High Sensitivity Electrometer Unit

Cailculated

P At (BIOF;) K=1A5t
271 0. 507 178 90.2
251 0.459 197 90.4
234 0.416 215 89.4
215 0.400 236 94.4
193 0.367 261 95.8
175 0.338 281 95.0
159 0.324 297 96.2
143 0.320 313 100.2
129 0.312 326 101.7
117 0.310 336 104.2
103 0.313 345 108.0
91 0.318 349 111.0
8l 0.320 357 114.2
72 0.325 365 118.6
63 0.332 376 124.8
56 0.315 397 125.0
50 0.284 450 127.8
a7 0.274 450 123.3
42 0. 281 436 122.5
38 0.292 415 121.2
35 0.330 374 123.4
31 0.348 325 113.1
28 0.360 305 10%.8
25 0.372 288 107.1
22 0.385 274 105.5
20 0.374 258 96.5
18 0.383 246 94,2
15 0.379 228 8t.4
15 0.380 225 85.5
14 0.376 216 81.3
13 0.382 214 81.7
11 0.359 201 T2:2
9 0.353 191 67.4
9 0.34¢ 188 65.0
8 0.339 184 62.4
8 0.332 177 58.8
7 0.308 177 54.5
6 0.290 175 50. 8
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FLIGHT NO. 9

Giant Rock Airport
Yucca Valley, California
October 25, 1962

Pressure Altitude: P (Mass of air overhead) in grams <:m"2
Ionization Current: 1 (B 11)5‘3) in equivalent ion pairs
Ionization Chamber No. 286 (EolI
Transmitter No. 143
Barometer No. 108

’5‘3 at 380 ram Hg)

11
P 1(B Fs)

7 164.2
10 162.1
12 171. 6
15 188.2
19 211.7
22 248.9
28 319.6
33 444,11
39 389.2
48 298.3
64 246.6
96 213.9

168 172.7
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FLIGHT NO. 9 (cont'd)

Pressure Altitude: P (Mass of air overhead) in grams cm ‘
fonization Current 1 (Argon) in ion pairs crm*3sec*! per atm of air

Ionization Chamber No. 404 (8 atm of argon)
Transmitter No. 145

P I(Argon) P I(Argon) P I{Argon) P I{Argon)

7 151,1 14 173.9 25 275.4 40 376.4
7 153.5 14 174.7 25 2T1.3 40 373.0
7 145.9 14 181.0 26 296.4 40 362.1
7 149.3 14 177.9 26 298. 6 41 362. 1
8 147.7 15 183.7 27 310.5 41 359.0
8 153.5 15 176.9 27 317.6 42 328.6
8 152.8 15 190.5 27 310.5 43 334.8
8 145. 4 16 187.6 28 314.4 43 331.2
8 151.8 16 1777 28 327.7 44 331.2
8 152.2 16 189.0 28 333.0 44 328.6
9 153.9 16 195.0 29 339.3 45 320.9
9 154.1 17 193.4 29 354.8 46 318.5
9 157.2 17 195.0 29 357.9 46 300.7
9 157.6 17 192.6 30 363.2 47 310.5
9 154.7 17 199.7 30 371.8 48 302.9
9 152.8 17 192. ¢ 30 368.5 48 299.3
9 156.6 18 202.6 31 370.7 49 296.4
10 156.4 18 198.7 31 389.3 50 308.2
10 154.1 18 201.6 31 388.1 50 285.5
10 159.0 18 223.0 32 403.2 51 294.3
10 155.0 19 196.2 32 412.6 52 293.6
10 160.5 19 208.0 32 416.8 53 274.2
10 166.5 19 212.7 33 443.6 54 273.0
11 159.0 19 214.9 33 450.0 55 272.4
11 158.8 19 214.9 a3 454, 9 56 267.7
11 156.8 20 231.7 34 481.4 57 248.8
11 163.0 20 223.4 34 477.7 58 260.9
i1 163.6 20 221.0 34 515.4 60 247.9
11 165.6 20 227.5 34 521.8 61 245.9
12 161.7 21 230.0 35 552.0 62 241.6
12 165.2 21 229.2 35 533.0 64 235.7
12 168.8 2l 239.8 35 537.7 66 232.6
12 164.9 21 237.0 35 500.8 67 228.3
12 168.7 22 238.4 36 477.7 69 214.1
13 171.3 22 238.4 36 489.0 71 208.4
13 163.8 22 246.4 36 494.8 73 219.8
13 171.8 22 252.4 37 460.0 75 211.2
13 178.4 23 254.0 37 426.8 77 217.5
13 169.2 23  262.6 38 419.6 79 225.8
14 176.4 23 259.3 38 412.6 81 218.7
14 189.9 24 264.2 39 403.2 83 202.9

14 177.7 24 268.2 39 390.6 85 231.3
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FLIGHT NC. 9 (cont'd)

Ionization Chamber No. 404 (8 atm of argon)
Transmitter No. 145

P 1 (ArEth
88 200.6
90 . 223.8
93 195.3
95 192.0
98 . 194.7
103 198.4
105 196.5
108 187.3
112 189.9
116 180.5

119 185.1
123 173.9
128 170. 6

133 183.2

137 177.7
142 168.5

146 165. 6
152 185.1
157 159.0

163 153.1
170 151.0
178 139.2
184 146.6
192 132.7
198 148.7

207 139.6

217 116.4

228 114.5

240 103.2

257 94.5

273 96.6

290 9.7

314 70.5

345 55.4

381 46.7

434 33.5

550 17.6
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FIGURES
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Fig. 1: ARDC Model Atmosphere (1959).

The mass of air overhead in grams cm-d is plotted as
a function of altitude. The curve corresponds to the 1959
ARDC Model Atmosphere as tabulated in the Handbook of
Geophysics, Edited by the U. S. Air Force Cambridge Research

Center, (The MacMillan Company, New York, 1960).
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Big. 3: DRBalloon Flight Train at L.aunch.

The flight units (instrument plus transmitter) and the
parachute are attached to the balloon by means of a 70 {t lead
line. Thre additional line from the balloon is used to stabilize

the flight train just prior to launch.
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ig. 4: Cuartz Fiber Electrorneter Unit of the Neher Design.

An aguadag coated quartz fiber periodically recharges
the central collector. The time interval between the recharg-
ing pulses is a measure of the ionization current in the

chamber.
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Tig. 5: The Temperature Monitoring Circuit Used on

Tlight No. 5.

The pressure sensing element normally present in the
transroitter unit (a variable resistance device: 20 MQ to
80 M) was replaced by a thermistor circuit. The thermistors
(10 MO VECC 71A5) are manufactured by Victory Engineering

Corp., Springfield Ave., Springiield, N. J.



148

+270 VOLTS

270 KQ

— 8.0uF

NE-2 =T O.1nF

NE=2 22 K&

TO

R
TRANSMITTER

10 MQ

THERMISTORS
IO MQ VECO 7I1AS

Fig. 5



149

*fep jo ouil} pue opnitTe 2aneeoad O UOROUN] B S® ulAld

81 ¢ "o 311d Suranp jtun 3431y oY) jo eanjeaaduial |y

°g "opN 148114 uo samjeaaduia y, juswuiniIsul o4y :9 °Big



150

0001

2961 ‘G ATNP (Lad) AvVa 40 3INIL
0€60 0060 0€B80O

0080

_ | _

G ON 1H91714

_ | |

Ol 0¢S 001
@Eu SWVH9 NI AV3IHY3AO div 40 SSVIA

£e6

9 *8ryg

Jo JYNLIVHIAdWNIL LINIWNNHLSNI



151

*9310A Q€ JO [erusjod IOIIJ[[OD ®© 3T

POZI[RUIIOU ST GLE °ON I2quiey) JO JUSIIND UOREBZIUOT 2y

GLE *ON Foquieyd

10} 98810 A 101D9([07) ENSID A JULIIN S UOHRZIUC]

f31on 01

A X



152

J9VLI10A HO0LD3T1100 S.¢ 'ON HIGWVHD

0001 008 0
T T T 1
170A ¥3d %
€49 WLV | _
000 006 0
1 [ _ [ |
170A ¥3d % 1000 |
. NOONY W1V 8 _|

60

0l

660

00|

1071

0001 005 0
_ _ _ _ ﬁ

"

€49 WLV G0 _

0001 00S 0

170A ¥43d % E

NO9YVY WLV |

L *8ig

60

o'l

660

00|

1071

A3ZI1TTVIWHON

INIHYND NOILVZINOI



153

*BIEP 243 01 31 YloO0UWIS B 83UL52adaI 2AINI AYJF, %Y

JO I9PIO0 Yl JO dJI® BIEP Y} JO £I01ID [ROWSHRIS 24Y * | (9€6T1) 866-766
‘06 a0y *ehy1] soufey *) °S pue ‘IeySN A *H 'URMIUIW 'V U fq
pouleIqo 2I9m BIBP 243 ¢ wid 8 g91L m u:.c“u 8 %9 30 °opmilTe 2anegsaad

7

B WO g °*6 PuUe ‘p ‘1 *foN €14BI[g uo poulmqo 2Iom BIEP oY) ‘. w2 3

0%9 03 _wid @ ¢ 10 spnin(e aanssaad ® wioa °cuije @ Jo 2anss2ad € 03
uoSie Y11m POl EI2qUIBD UOTIBZIUOT {IIM PRINGEBAUI sem SARI-DHUS0D jo

juouoduwod BUIZIUOT 91 03 oMp 2I2YdsOUIIR Y] ULl UOTIBZIUOY 9Y T,

*s Apg=21u160 ) Jo JUdaUOdII0 )

Burziuo] 2y 03 an(] 2asydsoun}y ay3 Ut woWeZIUuol : g By



154

| l [
z
o
©
@
<
- il A
- "
| | l l
o o (& o o (@]
O o) re) o) re)
q «Q - =

d1v 40 W1V d3d
I_C)HS Q_WC) SHI1Vd NOI NI LN3YddNO NOILVZINOI

800

700

600

500

400

300

200

100

re

MASS OF AIR OVERHEAD IN GRAMS CM



155

10
Tig. 9 : Ionization Current of the B F3 Ionization Chambers

as a Function of IFressure Altitude.
10_, , . .
(B F 3) is defined as the total current in an ionization
. . 10
chamber containing BFS enriched in the B isotope to 9¢%.
The current is measured in uniis oi '"equivalent ion pairs,’
as defined in Chapter V. The data were cbtained on Tlights

Nos. 3, 5, 6, 7, and 8. The curve represents a sinooth fit

to the data.
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Fig. 10: Jonization Current of the B F3 Ionization Charmbers

as a Function of Pressure Altitude.

11
(B FS) is defined as the total current in an ionization
- . 3 Y - 11 . =
chamber containing BF 3 enriched in the B~ isotope to 89%.
.. 40 . . o i
(The B 5‘3 concentration is 11%.) The current is measured
in units of "equivalent ion pairs,' as defined in Chapter V.

The data were obtained on Flighis Nos. 3, 5, and 9. The curve

represents a smooth {it to the data.
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Fig. 11: lIonization Current at Low Altitude.

The individual data points are displayed for the BIOE‘3
ionization chambers and the argon chambers in the pressure
altitude range of 300 g cm ™ to 800 g cm™“. The data for

e 103‘3) are indicated by '"0.'' For pressures greater than
400 g cm-&. the data for I(B IOFS) were obiained with a high
sensitivity electrometer unit on ¥light No. 8. The data
marked "' A" were obtained with argon chambers on Flights
Nos. 1, 4, and 9. The data marked "V " were obtained by
R. A. Millikan, H. V. Neher, and S. K. Haynes [ Phys,

Rev. 50, 994-998 (1936) 1. The curves represent a smooth

fit to the data.
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Fig. 13: Ionization in the Atmosphere on Oct. 45, 1964

Due to Bomb Test Debris.

The individual points represent the data obtained on
Flight No. 9 (Oct. <5, 1962) witk an ionization chamber filled
with argon. The solid curve represents the ionization due to
the ionizing component of cosmic=rays as deterimnined on
’:“1ighté Nos. 1 and 4. The rapid increase in ionization above
a pressure altitude of 100 ¢ cm-{' (53,000 ft) was also
observed on Flights Nos. 7 and 8 earlier in the same week.
This increase in ionization is due to radicactive materials
injected into the stratosphere by the detonation of thermo=

nuclear devices during the preceding months.



164

d1V 40 WLV ¥3d 23S WO Sdlvd NOI NI LN34dN3 NOILVZINOI

z
o
- ~
» =
o — o
(] o <
2 :
. @8 e
m m =
- = 2
_ 0 o o
P
| o0° g°
e o
00 0 0O 00 00 oBoooo&v
q 00 00 00 %00 °%5 0 o @
00 000 0% o oo
ooeamueogo?
o o o o o o o o o
7o) O n O 0 (@) To) (@) 0
0 0 < s 0 0 ol o —

200 250
MASS OF AIR OVERHEAD IN GRAMS CM?

150

100

30

13

Fig.



165

Fig. 14: Cosmic=-Ray Meutron Density in the Atmosphere as

Determined by Hess, et al., and by Lingenfelter.

Hess, et al. (4, 14) measured the neutron energy spec-
trum in the winter of 195¢=-1957 with detectors installed in a
B«36 airplane, up to a pressure altitude of 400 g cm‘('. They
agsumned that the measured height dependence of the neutron
source of exp(-x g cm-d/ 155) could be extended up to the top
of the atmosphere. A multiegroup diffusion analysis was then
used to generate the neutron energy spectirurn from Z00 g cm-'/'!'
up to the top of the atmosphere. Lingenfelter (17) haa shown
that the exponential assumption extended to the top of the
atmosphere is improper, and that a maximum in the neutron

source actually occurs at a pressure altitude of 100 g cm

for geomagnetic latitudes below 55°.
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Cosmic-Ray Neutron Density in the Atrmosphere
as Determined by the New York Univeraity

Cosmic=Ray Group (Soberman).

The data presented here represent Flights Nos. 66
and 67 (August 1954 at A, = 55°M) of the New Y ork University
Cosmic=Ray Group (Soberman; Ref. 3). A time correction
of 0,96 was applied to the data. The latitude correction was
a function of pressure altitude and ranged from 0.40 at 0 g

- -2
cm t00.8laté80gem .
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Tig. 16: Cosmic-Ray Neutron Density in the Atmoaphere
as Determined by the New York University

Cosmic=-Ray Group (Haymes).

The data presented here represents Flights Nos. 91
and 93 (September 1958 at )\m = 41°N) of the Mew York Uni=-
versity Cosmic-Ray Group (Haymes; Ref. 38). A time

correction of l.42 was applied to the data.
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Pig. 17 : Thre Density of Cosmic=-Ray Neutrons in the
¥

Atmosphere as Determined by L. €. L. Yuan.

The data presented here represent the January 1949
flight of L. C. L. Yuan (14). Two identical proportional
counters filled with BFS enricted to 26% in the EID isotope
were sent aloft at a gecrmagnetic latitude of 51°N. One counter
was shielded with 0.030 inch of cadmium, and the other
enclosed in tin of the same thickness. The values of L. C. L.
Yuan were multiplied by 1.83 to correct for the cadrmium

absorption. The time correction was 1.13; the gecmagnetic

-

correction varied from 0.54 at 0 g cun  to 0.84 at 680 g

-

cm .
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fig. 18: Schematic of the Ionization Chamber and Associated

Electrical Circuits.

Component Function Typical
Value
Cb Blocking Capacitor of the 0.001 uf
Recharging Circuit
Cc Collector to Spherical Shell 3 pf
Capacitance
Ce Distributed Capacitance of the 10 pi

Electrometer Unit

CE Fiber to Collector Capacitance << CC
of the Electrometer Unit

Gi Input Capacitance of the Amplifier 10 pi

Cr Distributed Capacitance of the 10 pf

Recharging Circuit

Ri Resistance of the Recharging 0.,24-2 MO
Fiber

Ri Input Resistance of the Amplifier - 1 MQ

R Resistor of the Recharging Circuit 1 MO
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Fig. 19: Fiber Geometry for the Electrometer Unit of

the Neher Design.

The upper drawing shows the attachment geometry
of the fiber. The lower drawing shows the arrangement of
equipment for the aquadag coating process of the quaviz

fiber.
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