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ABSTRACT 

Neutrons are produced in the atmosphere by the interaction of 

cosmic•ray particles with the nuclei of nitrogen and oxygen. The 

density of these neutrons was determined experimentally by means of 

ionization chambers filled with B 
1
°F 

3
, B 

11
F 

3
, and argon. The ion-

10 7 
ization current resulting from the B (n,a)Li reaction was obtained 

. -~ 
as a function of pressure altitude from 760 grams em (8, 000 ft ) to 

6 grams em-~ ( 115,000 ft) in a series of balloon flights at a g.eomag-

netic latitude of 41 °N . B y comparing the curren t from the ionization 

10 
chamber to the counting rate of a B F 

3 
proportional counter, when 

irradiating the instruments with a thermal neutron source, an absolute 

calibration of the ionization current in terms of thermal neutron density 

was made. 

The l arge volume of the ionization chambers (9 liters) res ulted 

in a s ignificant reduction of statistical errora 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 a irplane measurements. 

The data show a maximum in the neutron density of 

-7 -3 ~ 4 . 8 + 1. 2. x 10 neutrons em at a pressure altitude of 100 g em 

( 53 , 000 ft ), a rap id decline above this altitude, and an exponential 
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-l -~ decrease below l50 gem with an a b sorption length of 165! .:!0 gem • 

lf the data are extrapolated to the top of the atmosphere by the us e of 

-8 -3 
neutron transport theory, a value of 1. 6 .:!: 0 . 8 x 10 neutrons em 

is obtained. These re sults are in reasonable agreement with the work 

of the N ew York University Cosmic -Ray Group ( Z, 3). 
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I. INTRODUCTION 

The half life of the free neutron is ll minutes. For this _ 

reason, exeluding the possibility of solar production, the free neutrons 

existing in the atmo sphere must 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 193.?. 

by Chadwick (S, 6), cosmic -ray interactions were observed which were 

ascribed to this new particle (7, 8). Slow neutrons of cosmic -ray 

origin were first detected by Ftinfer (9) in 1937 using boron lined 

counters. Balloon flights to measure the altitude dependence of slow 

cosmic-ray neutrons were made by Korff in 1939 (10), utilizing BF 
3 

filled proportional counters. Bethe, Korff, and P laczek (11) undertook 

the first theoretical treatment of the altitude dependence of cosmic-

ray neutrons. The analysis predicted a maximum in the cosmic-ray 

-t. 
neutron density at a depth greater than 100 grams em pressure 

altitude (53, 000 ft), and a rapid decline at higher altitudes. The 

maximum was investigated by Yuan (1t.) in several balloon flights 

in 1948 and 1949. The geomagnetic latitude variation of the cosmic-ray 

neutron density was determined by Soberman (13) in a series of balloon 

flights made from 195.?. to 1954 at X = 89•N, X = S5°N, and X = 10•N. 
rn m rn 



During the winter of 1957-58, Hess, P atterson, Wallace, and C h upp (14) 

measured the cosmic-ray neutron energy spectrum from thermal 

energies up to 1 BeV using several types of detectors in a B -36 air­

-L. 
craft operating at various altitudes u p to 40,000 feet ( L.OO g em ). 

Using a multi-group diffusion theory approach, H ess, Canfield, and 

Lingenfelter ( 4) extended the neutron energy s p ectrum up to th e top of 

the atmosphere and calculated the distribution of neutrons in space 

near the earth. It wa s first noted by S . F. Singer (15) and independently 

by P . J. K ellogg (16) that the decay of these neutrons furnishe s a 

mechanis m for injecting charged particles into the Van Allen Radiation 

B elts. Lingenfelter (17), in an artiCle to be published in 1963, h a s 

surveyed the experimental re s ults of all workers, and using the multi-

group diffusion methods of reference 4, has calculated the production 

14 14 14 
r a t e of C in the atmosphere by the N (n, p)C rea ction. 

A number of review articles on the subject of cosmic-ray 

neutrons have been written: B ethe, Korff, and P laczek (11) in 1940 , 

Flligge (18) in 1943, Bagge and Fincke (19) in 1950, F reese and M eyer 

(l.O) in 1953, and Lingenfelter {17) in 1963. 

The experimental results of this thesis constitute a meas ure-

ment of the density of cosmic-ray neutr~ns throughout the atmosphere. 

It is actually a measurement of neutrons with energies les s than 10 keV, 

since les s than lo/o of the counting rate of the detector i s due to the 
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capture of neutrons with energies grea ter than thia value. It is a 

measurement of neutron density• rather than neutron flux, due to the 

1/v energy dependent character for the capture cross s ection of the 

detector. 
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n. THEORETICAL CONSIDERATIONS 

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 (Gl, ~G). Let 

N(r, v, n , t) dV dv d~l - - (Eqn. 1) 

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 d O 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 the 

-~5 
number of nuclei of air is insignificant (-10 at 50, 000 ft. where the 

neutron density bas 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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oN 
~ (r,v,n,t) 
0 t ..... -

= -~ • \1 N( r , v, 0 , t) 
........ """" ~ _.., 

Neutron ''leakage'' 

1 
-- N( r, v, 0 , t) T ...., ._ Neutron decay 

- 'f vN(r,v, O,t) 
t - -

Scattering out plus absorption 

+S(r, v ·, O, t) Neutron source function - -
00 4TT 

+ .f dv' r d O' E(v'-v,!2'--.f?)v'N(!_• v', £', t) Scattering in 
0 

(Eqn. ~) 

where T lis the mean life of the neutron with respect to e -decay; E i s 
t 

the macroscopic total cross section (scattering out plus absorption), 

and 'E (v'~,g • ... .J ) dv dCJ is the macroscopic cross section for 

scattering a neutron from the velocity element dv' d() ' into the velocity 

3 
element dvdO; S(£, v,Q)dv dO is the number of neutrons per sec per e m 

produced in the velocity element dv dO at r • ..... 

A ll 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 considered. Thus the equation reduces 

to one of a "steady-state" nature. Equating the removal processes -to 

the creation processes. one obtains: 

1 vn. 'VN(r,v. Q\ +- N{r,v, n ) + EtvN(r,v, O) 
#"'IWtfaoJ #fiiW :..:J, ~-., ~"""" 

00 4TT 

= S(!,,v•£> + f dv' r dO'E(v• ... v, g • .... _g)v'N(!,,v',Q'). 
0 

(Eqn. 3) 
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The half-life of the neutron is 11.7!, 0 . 3 m in ( 2.3). This time 

is quite long compared to the s lowing down and capture time 

for neutrons at sea level where this time is 0 . 15 sec, and e ven for 

( -l) . 
neutrons at 68, 000 ft 50 g ern where the time is 3 sec. Above this 

altitude the neutrons may diffuse up ward and escap e into space, where 

decay becomes the only removal process. Thus for the analysis of 

neutrons. in the ~trnosphere, the process of decay will be ignored. 

It is necessary to define these quantitie s: neutron density, 

neutron flux, and the neutron current. 

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

00 41i 

N(:.> ':! J dv r d'l N{!. v • .2> • (Eqn. 4) 
0 

-3 
N(!) is the number of neutrons ern at!.. 

The neutron flux i s obtained by integrating vN(!.,v,2) over all 

directions: 

41i 

~ (!,,v) • J dO vN(,vv.Q) • (Eqn. 5) 

(r~r, v)dv is the number of neutrons per sec with velocities between 

v and v. + dv that intercept a sphere of unit cros s section area located 

at r . -
The neutron current i s obtained by· integrating£ vN(,t, v,£) over 

all directions~ 
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4TT 
l(!•v) = r dO Q vN(!_,v,£). (Eqn. 6) 

J(r, 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 r, -
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 slowing-down and diffusion distances for cosmic-

ray neutrons are very small compared to distances over which geo-

magnetic variations of the neutron s ources are significant, the density 

of neutrons depends only on the vertical position in the atmosphere. 

- .G It is convenient to express this in units of g em mass of air overhead. 

Integrating Equation 3 over all directions, making the trans ­

-Z 
formation of v ariables from r to x g ern , and noting that -

00 

'V • J(x, v) + !: q:{x, v) = S(x, v) + r dv' 'E(v• ... v)<p(x, v ') • (Eqn. 7) 
- - t . 0 

Given the source function S(x, v) and the macroscopic cross 

sections Et and 'E (v' ... v), in principle N(x,v), er (x,v), andl(x,v) can 

be obtained from Equation 7. F or velocity dependent cross sections, 

a straightforward solution of this equation is not feasible. Various 

approximation techniques have been developed to render the equation 

more tra ctable. 
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If J(x, v) i s a slowly varying function of x, then the "diffusion" -
a pproximation , 

J(x,v) = · D 'V q'> (x,v) - -
ca.n be made. The necessary criterion i s that 1 cp(x, v) < < p \x• y) , 

s 

where ].. = s cattering l en gth. F or neutrons in the atmosphere, this 
s 

will be reasona bly valid except near the boundary. The boundary 

condition is disc~ssed in Chapter VI. Inserting the " diffusion" 

approximation in Equation 7, and noting that s ince x is ex p ressed 

- 2. 
i n g em , the diffusion coefficient, D, will be independen t of position, 

2. . 00 
- D 'V cp(x, v) + I: ttp(x, v) = S(x, v) + J dv' !: (v • ... v) ~x, v ') 

0 

(Eqn. 8) 

Hess, C anfield, and Lingenfelter (4) solve this equation num erically 

by dividing the velocity spectrum into a series of velocity intervals , 

or groups , and u s ing constant cross sections obtained by a veraging in 

the various velocity intervals, obtai n a diffus ion solution for each group. 

The source of neutrons for a particular group ; below cosmic•ray 

production ene rgies and above thermal ener gies , is essentia lly the 

neutrons s cattered out of the next higher velocity interval. This 

' 'multi-group diffusion" approach i s more satisfa ctory than any of the 

analytica l approaches (11, 18, 19, 2.0), because it is easier to include 

such effects as the variation of the s c a tte ring and capture cross sec tions 
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between the different groups, and it is possible to account for the finite 

temperature of the scattering medium. 

In order to obtain a solution to Equation 8, the source function, 

S(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 introduced an experimentally 

determined function for S(j[, 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 neutrona throughout the atmosphere. 

It is p ossible, in the energy range 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 me thode and formulas used to calculate the following 

numbers are derived inS. Glass tone and M . C. Edlund, The Elements 

of Nuclear Reactor Theory (D. Van Nostrand, P rinceton·, 1952.). 

Quantities that are not too energy dependent can be estimated 

by s olving the "one-velocity•• p roblem; i.e., by assuming that r.nono­

energetic neutrons a re scattered or absorbed by nuclei of infinite mass. 

The scattering cross section for thermal neutrons (E = 0. 02.5 eV; 

v = z. 2. x 105 em sec -l) in air is 10. 8 barns per nucleus and the absorption 
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cross s ection for nitrogen is 1. 9 barns (l4). The diffusion coefficient 

- l 
D in Equation 8 i s equal to 0. 9 g e m for thermal neutrons. The 

- 2 
mean free path for scattering is 2 . 4 g em and the mean free path 

-~ for absorption is 16 g em • These quantities determine the distanc-e 

a thermal neutron will diffuse before absorption. The vertical com-

ponent-of the average . distance a thermal neutron wUl diffuse before 

14 14 -l 
absorption by the N (n, p)C reaction i s 6 g em • This thermal 

diffusion and absorption will take place in a time of the order of 0. 05 

sec at aea level. 

It is important to realize, however, that thermal capture 

lengths and capture times are not the significant quantitie s for 

cosmic-ray neutrons in the atmosphere. This i s so because the 

14 14 . 
N (n, p)C capture rea ction removes the neutrons during the s lowing -

' 

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 mUlion electron volts, and even as high as the energy of the 

incident cos-mic -ray particles. Below about 500 keV the neutrons are 

slowed down principally by elastic collisions with the nuclei of air. 

' 14 14 
The N (n, p)C capture reaction raises the maximum in the differ-

ential energy flux spectrum from thermal energies (0. Ol5 eV) to about 

0. 1 eV. 
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F or s•wave (i sotropic in the center of mass system) elastic 

scattering of neutrons by n uclei, the average logarithmic energy 

decrement, 

is independent of the kinetic energy of the collision. For air, 

E' = 0. 136 . This implies that 134 elastic collisions are necessa ry for 

a 2 M eV neutron to thermalize. I£ these neutrons slow down in an 

infinite nonabsorbing medium, they wUl have an energy spectrum of 

the form: 

' ' 

t4'(E) • .!. 
E 

If absorption occurs in the medium, this 1/E spectrum must be m ulti-

pUed by an exponential term, referred to as the " resonance e scape 

probabUity" (I: =absorption cross -section; 'L: =scattering cross -section): 
a s 

Q 
q{E) = 0 

E 
exp { - J o 

E 
t;'E + y 'E · s a 

. ~ } 
E ' 

{Eqn. 9) 

·3 -1 
where Q =neutrons e m sec slowing down past the energy E , 

0 0 

and where ~ and y have numerical values somewhat dep endent u pon 

the a s s umptions made in the derivation as to the exact manner i n 

which the slowing-down p roces s takes place. F or a ir, ~ ~ 0 . 136 a nd 

v ~ o. 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 

i s obtained for ~(E), the neutron flux. The multi-group diffusion 

calculation of Hess, et al. yielded a l/E
0

• 9 neutron flux spectrum in 

t h e range of 1 MeV down to 0. 2 eV, with a maximum at 0. 1 eV. It 

appear f:J that the thermal motions of the medium and the binding energies 

of the molecules of a ir do not exert a major influence on the shape of 

the energy. spectrum; the shape of the spectrum is determined mainly 

14 14 
by the N (n; p)C absorption (ZS). 

The vertical component of the average distance a t. MeV 

neutron wUl diffuse before it is slowed down to 0. 1 eV ia of the order 

.. z 
of 50 g em • This occurs in a time of about 0. 15 sec at sea level. 

-~ Even at an altitude of 100,000 ft (10 gem pressure altitude), the 

slowing down time is short compared to the mean life of the neutron 

with respect to beta decay .. _-15 seconds compa red to a beta decay mean 

life of 1013 seconds. O f course, at 100,000 ft there is a large prob-

ability that the neutron will diffuse out into space, where beta decay 

will be the only removal process. Lingenfelter (17) estimates that 

the neutron source function should have a maximum at about 50,000 ft 

-2 (100 gem pressure altitude), with an exponential absorption length 

-2 . 
of 170 gem below this altitude. Thus, because of the short slowing 

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

-l-
exhibit a maximum at an atmospheric depth of 100 g e m with an 
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- .?. 
exponential absorpti-on length below this altitude of 170 g em • 

-~ Above a pressure altitude of 100 g em , the neutron density should 

drop rapidly toward small values because of the outward diffus ion, 

as is discus sed in Chapter VI. 

The free neutrons present in the atmosphere arise from several 

sources: products of knock-on collisions of cosmic-ray nucleons with 

the nuclei of the air, evaporation products from nuclei excfted by 

cosmic ray interactions, neutrons that arrive as bound nucleons in 

cosmic radiation, neutrons produced by solar high energy particles 

interacting with the uppermost portion of the atmosphere (prin cipally 

at high latitudes during solar flares), and neutrons that are p ro-

duced by cha rge exch ange reactions 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 spe_ctrum occurs at 1 MeV. 

Fitting these spectra to the experimental data of Hess , et a l. ( 4, 14), 

Hess obtains the following integrated source values for A = 45•: . m 

S(knock -on) 
-Z. -1 = 1 • .?. neutrons em sec 

S(evaporation) 
... ~ -1 = 5. 0 neutrons e m sec 

The number of neutrons that arrive as bound nucleons in cosmic 

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

X = 41 • is about 5 BV in magnetic rigidity units. Anderson obtains 
m 

for the integral flux in 1958, u s ing the charge composition of Wadding• 

ton ( 27): 

- 2 -1 - 1 
Cosmic-Ray F lux(> 5 B V) = 0. 058 particles em sr aec 

A sum mation of the bound ne,utrons in cosmic-rays is carried 

out in Table I. In order to obtain the bound neutron current incident 

( -z -1 
at the top of the atmosphere bound neutrons e m aec ). the s e values 

m ust be multiplied by a number of the ,order o f TT (n results for the 

assumption of isotropy of the incident radiation over the upper hemi • 

sphere). 

[ 
B ound Neutron Current Incident -1 

0 07 
-~ -1 

:; • neutrons e m sec at the Top of the Atmosphere _ 

This number is small with respect to the total numb er of neutrons 

p roduced by cosmic-ray interactions per e m .G column of a ir in the 

atmo sphere , and can the refore be neglected. 

S impson {28) has made an e s timate of the triton production due 

to the nuclear interactions of solar high energy particles i n the atmos-

ph ere. A similar calculatic;m can be carried out for the production of 

f ree neutrons in the atmosphere by J;he solar high energy particles. 

The n u m ber of neutrons produced per second avera ged over a s olar 

cycle can be determined aa: 
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T ABLE I 

BOUND NEUTRON F L UX INCIDENT AT TH E TOP OF TH E 

ATMOSPHERE AS DETERMINED FROM TH E ELEMENTAL 

ABUNDANC ES IN C OSMIC RADIATION 

Flux>5 B V Average B ound Ne utron 
·particles number Flux 
cm·2 sr·1 of neutrons em -2. 

Elem ent z sec·l neutrons sr · 1 sec · 1 

Hydrogen 1 500 X 10•
4 

0 0 

• .d 
148 X 10•

4 
H elium 2. 74 X 10 • 2. 

L igh t 3-5 1. 7 X 10 
- 4 

5.5 9 X 10•4 

M edium 6-9 4 . 7 X 10 - 4 6.5 31 X 10•4 

H eavy 10-19 1. 6 X 10 
- 4 

9.5 15 X 10• 4 

Very Heavy 2.0-2.8 0~ 6 X 10 
- 4 

2.5 1.5 X 10•
4 

- 2. -1 -1 -4 
Total number of neutrons em sr sec = 2.18 x 10 



where S 

G -:!. 
- 1 0 -

v(E) 

1l(E) 

5(E) 

16 

S = ~ f dE 0 
0 

11(E) T](E) 6(E) , 

-2 = neutrons em 
. averaged over 
interval T, 

-1 
sec produced in the atmosphere 
the earth and over the time 

• conversion factor from omnidirectional intensity 
. in space to particle current incident at the top 
of the atmosphere, 

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

= the number of free neutrons produced in nuclear 
interactions due to an incident particle of energy E, 

= the fraction oi the earth geomagnetically allowed 
for a solar high energy particle of energy E. 

Interpretation and correlation of the data obtained by riometer s 

and neutron monitors installed in a number of ground stations, and by 

particle detectors flown on balloons, sounding rockets, and satellites 

permit reas onably valid estimates (within a factor of two) to be made 

for the flux of solar high energy particles since 1956 . H. H. Malitson 

and 'l'l . R. Weber (29) estimate that the time integrated omnidirectional 

intensity of solar high energy particles (mostly protons) from 1956 

. 10 -2 
through 1961 is 2. 1 x 10 protons em with energie s greater than 

30 M eV. Most of the solar flares generated protons with differential 

energy spectra of the form l/E
4 

for energies greater than 100 M eV. 

T h e time averaged spectra can be fit to 1/Et.. 
6 

for solar protons 

between 30 MeV and 100 MeV. 
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The number of neutrons produced per incident proton can be 

estimated from cos mic-ray data (30 , 31) and from a M onte Carlo cal-

culation performed by the Oak Ridge National Laboratory (3~). In the 

energy range of 50 M eV to 400 MeV for the incident p rotons , the 

a v erage number of neutrons p roduced per nuclear inelastic collision is 

observed to vary from 0. 86 to 1. 9. For protons in thi GJ ener gy range, 

the mean free path for · inelastic collisions in air is approximat e ly 90 

-2 
g em (33). 

The fraction of the earth that is geornagnetically allowed to 

solar protons of e~ergy E can be determined from the cutoff rigidities 

calculated by J. J. Q uenby and W. R. Weber (34). The values 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 

o£ the earth varies between 7o/o and lSo/o. The breakdown of the geo- . 

magnetic cutoff at high l atitudes probably does not increase the allowed 

fraction by much more than a factor of 2 , and then only occasionally. 

If it ·is assu med that the solar proton fluxes observed between 

1956 and 1961 are representative of those to be expected over a n eleven 
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year solar cycle, then a tim e-and-global average of 0 . 05 neutrona 

. - l 
per second produced per e m colum n of air i s o b tain ed. T h i s number 

is roughly two order s of magnitude lower than the number of f r ee 

neutron s produced by gala ctic cosmic-ray s . 

The measurements of M eyer and Vogt (36, 37) indicate that a 

. l 
proton flux with a differential energy spectrum .of 1/E in the energy 

range of 80 M eV to 3 50 M eV is continually present in the primary 

r a diation in the yea rs of high solar sunspot a ctivity. This flux i s 

ob s erved to decrease in intensity with the declining level of sunspot 

activity, concurrent with the increase of galactic cosm ic radia tion. 

\ 

M eyer a nd Vogt interpret these measurements to mean that thi s low 

energy 1/ El.. proton flux i s of sola~ origin. I£ protons a re accelerated 

to s uch energie s in the chromosphere or corona of the sun, then most 

certai~y neutrons in thi s e n ergy range a re also p roduced there by 

charge excha nge reactions. The question as to whether they would be 

detected at the top of the a tmosphere is only one of intensity. The 

beta decay process does not prevent thes e neutrons from arriving in 

the vicinity of the e a rth: 3 4o/o of 100 MeV neutrons should not decay 

during the sun-earth transit. It must be noted, however, that the 

1.. 
integrated intens ity of these 1/E solar protons i s relatively low. O nly 

-~ -1 -1 . 1.. 
about 0 . 01 protons em s r s ec were observed. This 1/E flux, 

a veraged over a s un spot cycle, is at least one order of magnitude 

smaller than the flux of solar fla re particles in the same energy range. 
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On two balloon flights flown at cons tant altitude through s unset, Hayme s 

(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 4 1• has a 

vertical cutoff of about 5 B V in magnetic rigidity units; only particles 

from a few of the largest s olar flares would be able to penetrate the 

magnetic field and interact with the atmosphere. 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 7o/o have initial energies greater than 10 MeV. These 

neutrons are removed by several processes: 66% are captured in the 

N 14(n, p)C 
14 

reaction, 16% a re captured by other reactions , 17% 

diffuse upward out o£ the atmosphere, and less than 1% strike the earth 

' and are captured. 
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III. THE EXPERIMENT 

The density of cosmic-ray neutrons was derived from measure• 

ments u s ing ionization c hamber s filled with B 
1
°F 

3
, B 

11
F 

3
, and argon 

gases. The ionization current re sulting from the B 
10

(n, .y)Li 
7 

rea ction 

10 
in the B F 

3 
chambe r s was utilized to detect the neutrons . The 

11 
B F 

3 
and argon chamber s monitored the background current due to 

the ionizing component of cosmic radiation. 

10 7 
The B (n,O')Li reaction has a cros s r;; ection of 3, 813 + 50 barns 

for thermal neutrons (for a neutron velocity of i. • .:!. x 10
5 

em s ec · l , 

which is the most probable velocity of neutrons i n thermal equilibrium 

at i.0 °C ). The uncertainty estimated for the cross section re s ults 

' 10 
partially from variations in the B isotopic concentration in natural 

boron. 
. . 11 10 . 

Vanations as large as 3o/o m the B / B ratio of natural boron 

have been observed in s a mple s obtained fr o m different locations around 

the world (39). Thode, et al. (39) have observed a variation of 0 . 5o/o 

in the B 
11

/ B 
10 

ratio o f California boron. It is unfortunate, from the 

point of view of a ccurate neutron measurements, that boron should 

have such an appreciable variation in its isotopic concentration. 

F urthermore, there exists the possibility of an unknown chem ical or 

physical s e paration of the isotopes during the process of the determina-

tion of the isotopic ratio (40). The value of 3. 813 barns q uoted here 

corresponds to a c apture cross s ection of 755!. .:!. barns obtained for a 

10 
s ample of boron containing 19. 8o/o B ( ~4). The error of + 50 barns 
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. . 10 7 
assigned to the B (n, a)Li reaction corresponds to the standard 

deviation of the recent values determined for natural boron as li s ted 

by F. Ajzenberg-Selove and T. Lauritsen (41). Undoubtedly, par t of 

this variation is due to different i s otopic ratios. 

F or incident neutrons of thermal energies, 94~o of the 

10 7 7 
B (n, a )Li reactions p roceed via an excited state of L i • a percentage 

which doe s not change significantly in the energy range up to 10 keY 

(4~.43). 
' 7 

T he subsequent decay to the ground state of Li releases a 

0. 47 M eV y-ray. The ionization chamber is transparent toy-ray s of 

thi s energy, and this a m ount of energy is los t. The remaining 6% of 

10 7 . 7 
the B (n, O')Li reactions p roceed directly to the ground state of L i • 

F or this channel the entire Q -value of 2.. 79 M eV i s available for 

ionization. 

R eaction 

B
10

(n,O')Li
7 

10 7* 
B (n, a)Li 

i_.Li7 + y 

TABLE ll 

5. 8.!. o. 1% 

94.2..!. 0.10/o 

Q -value 

l. . 793 + 0. 02.7 MeV 

l. . 3 2.0 + 0. 02.0 MeV 

0 . 47 3 + 0. Ol.O MeV 

Thus the average energy available from this reaction for ionization 

i s l . 35 M eV. As for the energy to form an ion pair in BF 3 , the best 

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



of 3 6.0 + 0. 4 eV. Th i s i mplies that, on the average, about 65, 000 i on 

pair s are formed p er neutron cap ture. 

Not all of this ionization is detected by the electrom eter unit in 

the ionization chamber. If the recoiling reaction p roducts impinge 

up on the chamber wall, the residual energy will be exp ended ther e. 

Some columnar recombination of electrons and ions w ill occur, par­

ticularly with the low electric fields present in the chamber (the t otal 

potential difference, from the central collector to the s pherical shell 

of 13 em radius , i s less than 300 volts). The- decreas e in the collect e d 

ionization current due to the wall effect is of the order of a few p erce nt. 

A comparison of the exp ected ionization current a s calculated from 

the obs erved neutron dens ity to the ionization current a ctually m e asured 

indicates that a s high a s ~5% of the ionized atoms m ay exp erience 

recom bination. Thus an abs olute calibration of the chambe r response 

to neutrons i s necessary; it is not correct to assume that the 6 5,000 

ion pair s formed per neutron capture are collected with lOOo/. efficiency. 

That the reaction cross section is inversely p rop ortional to the 

velocity of the incident neutrons has been verified out to at lea s t 100 

k eV {4 5). If the effects of self-s hielding {s ee A ppendix D) are neglected, 

then the 1/v dependence of the cross section has the p rop erty that 

the counting rate of the ins trument i s p roportional to the n eutron 

d en sity. The counting rate i s obtained by multiplying the m acros copic 



capture cross s ection by the chamber volume V, and by the n e utron 

flux, a n d inte grating over all veloci ties . 

Since E (v) = 
a 

therefore 

na v 
0 0 

v 
a nd 

V ~ (v) 

cp(v) = vN(v) 

00 

C = na v V f dv N( v) • 
0 0 

0 

(n = B 
10 

nuclei per cm-3; a = capture cros s section at a neutron 
0 

v elocity of v • ) 
0 

00 

As f d v N(v) i s jus t th e numb er 
0 

-3 of neutrons p er e m , the counting 

rate i s p rop ortional to the neutron density. independent of the for m o f 

N( v), the diffe rential velocity s pectrum for the n e utrons . 

Apart from fi ssion reactions , there are only eight ca s e s in which 

thermal neutron a b s orption res ults ln appreciable formation of two 

charged particles (46). In principle, any compound of thes e nuclides 

exi s ting in a gaseous state could be used for detectin g ther mal 

neutrons in an ionization chamber. In practice, however, undes ira ble 

phys ical and c h em ical p rop ertie s r estrict th e number of available 

compounds . 
10 7 

With regard to th e B (n,or)Li reaction , both B F 
3 

and 

B (CH 3)
3 

have been s uccess fully u sed in proportional counter s (47). 



TABLE III 

SLOW NEUTRON REACTIONS 

WHICH Y I ELD C H ARGED PARTICLES 

He3 3 + H l + 0. 74 M eV a( thermal) 5, 400 barns + n = H = 

I... l 6 + n = He4 + H3 + 4 . 66 MeV a( th erm al) = 9 40 barns 

Be
7 

+ n = Li 
7 + H l + 1. 65MeV a( thermal) • 51,000 barns 

:"3 10 7 
+ He

4 
+ l . 88 MeV a( thermal) 3, 800 barns + n = L i = 

N l 4 +n=C 
14 + Hl + O. 56 MeV a( thermal) = 1. 8 barns 

0 17 + n = C 14 4 
+ 1. 7~ M eV a( thermal) 0. 5 barns + H e = 

3
33 + n = p 33 + Hl + 0 . 75 M eV a( thermal) = 0 . OOl barns 

Cl35 + n = s 35 + H l + 0. 6 M eV a( thermal) = 0 . 3 barns 

The experimental data of this thesis were obtained by attaching 

to balloons ionization chambers filled with B 
1

° F 
3

, B 
11

F 
3

, and arg on 

gases, and by recording the cham ber currents as the balloons rose 

through the atmosphere. T ransmitter units fastened to the chambers 

telemetered the chamber currents to a receiving station on the ground. 

I . 10 7 
The ionization current res ulting from the B (n,~)Li reaction was 

utilized t<? measure the density of the cos mic-ray neutrons. The 

11 " B F 
3 

and a rgon chamber s determined the background current in the 

B 1° F chambers due to the ionizing component of cosmic r adiation. 
3 

Table IV give s a s ynops i s of the balloon flights. 
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TAB LE IV 

SYNOPSIS O F B ALLOON F LIGHTS 

Fligh t Date Chamber Gas P res. Measuremen t 

1 15 Nov 6 1 335 A rgon 8 atm Cosmic-ray ionization 

2 6 Feb 6l. 3l.1 BlOF 1 atm C osm ic - ray neutrons 
3 

279 B
11

F 1 atm B ackground 
3 

3. · 6 Feb 6~ 375 B lO F 0. 5 atm Cosmic-ray neutrons 3 
34 7 B11

F 0. 5 atm B ackground 
3 

4 4 JUly 6l. 315 Argon 8 atm Cosmic-ray ionization 

5 5 July 62. 2.53 B lOF 0. 5 atm Cosmic-ray neutrons 
3 

366 B
11

F 0. 5 atm B ackground 3 

6 6 July 6d. ~71 B lOF 
3 

0. 5 atm Cos mic-ray neutrons 

343 Argon 8 atm Cosmic - ray ionization 

7 2.-' Oct 62. 309 B lOF 0. 5 atm Cosmic-ray neutrons 
3 

257 B lOF 0. 5 atm Trans mitter failed 
3 

B lOF . 
8 G3 Oct 62 379 0. 5 atm Cos mic-ray neutrons 

3 
B lOF 0. 5 atm Low altitude cosm ic-

3 
ray neutrons (H igh 
sensitivity 
electrom eter) 

9 25 Oct 6 l. 28 6 B
11

F 0. 5 atm Radioactivity from 
3 bomb test debris 

404 Argon 8 atm Radioactivity from 
bomb tes t debris 
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The s mall ionization currents present i n the chamber s (1 0 

-11 . 
to 10 a mp) 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 cos mic-ra y s incident at the geomagnetic latitude of 41•N 

did n ot change by more than 1o/o from Nov. 15, 196 1 to Oct. ~5, 19 fJ~ . 

T his fact i s verified by the counting r a tes of the neutron monitor a t 

C limax, Colorado (X = 48.N ) , which exhibited variations in the 
m 

m onthly averages of about! 10/o during thia period (48). Thi s cons tancy 

of the incident primary radiation allows the data from the different 

flight s to be collected together in the analysis. F rom the data ob tained 

on the nine flights, it is possible to construct a single curve for the 

10 7 
B (n, l'l')Li ionization as a function of pres s ure altitude. The manner 

10 
in which the data from the B F 

3 
chamber s are corrected for the 

ionization due to the ionizing component of coamic•rays is d escribed 

10 
in Chap ter V. A calibration was performed, relating the B F 

3 

ionization chamber current to the density of neutrons in the vicinity 

of the cham ber. Thus , from the flight data and the calibra tion results , 

the density of cosmic-ray neutrons in the atmosphere can be deter m ined 

as a function of pressUre altitude. 

The cons truction and operation of the ionization chambers i s 

describe d in Chap ter IV. The cons truction and operation of the 

electrometer units for m ea s uring the ionization cham ber curren t s 

i s d escribed in Appendix B . The preparation and p urification of th e 

B F 
3 

i s describ e d in App~ndix C . 
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P rior to flight, the chamber s were attached to transmitter s , 

a.nd 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. 
10 11 

Thus, in the absence of slow neutrons, the B F 
3

, B F 
3

, 

and argon chambers would all regis ter the same numerical value. 

-3 -1 
This value corresponded to the number of ion pairs em sec that 

would be produced by they-ray flux in air at a pressure of 74 em H g 

and a temperature of l.4•c. This nonstandard condition for air was 

c hosen so that the ionization values obtained on the balloon flights 

' would be directly comparable with the earlier work of the cos m ic-ray 

. group at the California Institute of Technology (l6, 49, SO): 

In Chapter V and in Appendix E, the flight data are initially 

reduced in terms of " equivalent ion pairs." This unit, in the abs ence 

of slow neutrons, is just the quantity described in the preceding para-

-3 -1 -1 
graph, "ion pairs em sec atm " In the presence of slow 

10 
neutrons, the B F 

3 
chamber will indicate a higher ionization than 

11 10 7 
the B F 

3 
or argon chambers, due to the B (n,o-)Li reaction. Thi s 

( -3) exces s ionization i s then related to the neutron density neutrons em 

by comparing the ionization current of the chamber with the counting 

10 
rate of a calibrated B F 

3 
proportional counter. 

The transition from "equivalent ion pairs" ionization due to 

the B 
10

(n, o-)Li 
7 

reaction to neutron density was accomp lished by m eans 

of an absolute calibration. A 10 mCi Ra-o--Be neutron source 
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(01 + B e ~ C + n + 5. 7 MeV) was positioned against a concrete wall, 

and 40 em of lead were placed in front. The entire as s e m bly (front, 

top, and aide s) was covered with 13 em of paraffin to thermalize the 

neutrons. F igure l. is a drawing of the calibration geometry. Both 

the ionization chamber and a B 
1
°F 3 proportional counter of known 

cross section for the B 
10

(n,O')Li 
7 

reaction were placed i n front of the 

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

density N in terms of the ionization chamber current I{n), exp resse d 

10 7 
i n "equivalent ion pair s ," due to the B (n,a)Li reaction wa s obtai n ed. 

-3 -9 ( N {neutrons em ) = l.. 6! 0. 5 x 10 I n) • 

The analysis of the calibration data i s undertaken in Chapter V. 

A n intercomparison of standards was made in the calibration 

{ 
1 10 . 

facUlty used by Hess, et al. 14, 51). The B F 
3

. proportional counter 

used a s the calibration s tandard for thi s experiment {R euter-Stokes 

10 
R SN 40A Counter IIC ·894 filled with 960/t B F 

3 
to a p ressure of 40 

em H g) was placed in a concrete blockhouse and irradiated with a 

known thermal neutron flux. The manufacturer's stated coun ting rate 

-1 
of~. 0 counts sec per unit therm al neutron fiux, when converted to 

10 . 7 
a reaction cross section, agrees within 10/t of the B (n, CY)Li cros s 

s ection value for thermal neutrons of l. . 14 em~ obtained in the 

Lawrence R a diation Labora tory facility. 

1 I am indebted to H . W . P atter s on and A. S mith of the Lawrenc e 
Radiation Laboratory, B erke1ey, Calif. , for the calibration of th e B F 3 
counter in their labor a tory. 
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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 iJ.Bec p ulses a t 

a frequency of either 156.3 Me or 159.3 Me. In addition to encoding 

the signal irom the ionization chamber electrometer, a transmitte4· 
' 

unit also contained a device for measuring the barometric p ressure 

(SZ), and on one flight a temperature sensor. A 300 volt battery and 

a 1. 5 volt battery s upplied electrical power. The batteries s ubtended 

a solid angle of less than So/• of 4rr with respect to the ionization 

cham ber. The operation of the transmitter unit is described i n detail 

i n reference ~6. 

The entire flight p ac:Y..age was wrapped in red cellophane to 

keep the equipment warm (ala greenhouse effect) during th~ two hour 

ascent to maximum altitude, at which p oint the balloon would burst. _ 

The flight unit was attached to a paper parachute (53) by m eans of a 

2.0 f t line of nylon cord. F or flight s where two ins truments were 

carried aloft by a single balloon, the instruments were attached to 

a common tie point by lines of different lengths. The para chute was 

tied to the balloon by a 70ft line. A long line was u sed to m inim ize 

the solid angle of the balloon with respect to the instrumen t s . A launch 

line was attached to the neck of the balloon. The launch line enabled 

the flight train to be launched by two people in winds up to a few knots. 

One person would s lowly 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 ri s e 

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 6 lba each and the balloon did not floa t at 

maximum altitude, no clearance was needed from 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 fro m 

a rubber -like material called DAREX. The balloon film has an i n itia l 

thicknes s of approximately O. 0035 inch and a thicknes s at burs t of 

approximately 0. 0001 inch. It is an extremely fragile material, and 

a s light surface abra sion caused by handling can impair performance 

seriously. The material will discolor within ; hour after exp o s ur e 

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 its shipping container, and placed 

on a large plastic sheet. The hands and arms of the per son 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 a set of weights equal to the weight of the flight 

train plus the desired net free lift, inflation was halted, the neck of the 
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balloon-. was tied pff, and launch and load lines were attached. Typical-. ~ 

ly , a net free lift of 1 to l lbs resulted in a rate of rise of 600 to 1000 

ft per min. 

On flights 1 through 3, Darex J 11-~8-l400 balloons were u s ed. 

They require roughly l50 cu ft of helium to lift a flight load of 7 lbs 

with,a net free lift of 1 lb. They have a diameter of 8 ft at inflation and 

a diameter of 40 ft at burst altitude. The manufacturer quotes an 

expected burst altitude of 115,000 ft (6 gem ·l) for a payload of 7 lbs. 

. - ~ 
The maximum height actually attained was 90, 000 'ft ( 16 g em ) • 

On flights 4 through 9, Darex J U -4l-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 1 lb. They have a diameter of 10 ft at infla tion 

and a diameter of 60ft at burst altitude. The manufacturer quote s an 

-l 
expected burst altitude of 124,000 ft (4 g em ).. The maximum height 

actually attained was 1l0, 000!. 5, 000 ft. 

Several factors entered into the determination of the balloon 

launch site. Since the transmitter s operate in the VHF frequency band, 

essentially line-of-_sight transmission i s 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-

mobUe engines. P rudence 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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a ccessible on a year-round basta, and high winds are not permis sible. 

After consideration of all of these factors, a launch s ite was 

selected rt mile ENE of the giant rock located at Gia nt Rock Airport, 

Yucca Valley, California (34° lO 'N, 116° 23' 'N). This site {elevation: 

2, 880 ft) has. unlimited visibility to the east and rea s onably good visi­

bility in other directions. An ungraded road dead-ends at the site. 

and no other roads or houses are loca ted within half of a mile. T he 

airport at Giant Rock is FAA certified for emergency landings of 

commercial airliners, and the air traffic amounts to a bout one light 

plane per day. The site i s located on private property (George V a n 

Tassel is the present owner), adjacent to the 29 P alms Marine Base . 

The weather is :-epresenta.tive of that to be found in the C a lifornia high 

desert. A typical day m ight· encounter low winds {less than 5 knots) 

in the morning hours. with winds of increa sing velocity and gusts up 

to 30 knots in the afternoon. Only on one day was a balloon l aunch 

canceled on a ccount of winds. 
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IV. THE INSTRUMENT 

The Neher integrating ionization chamber has been described 

in the literature (~6, 56, 57, 58, 59). The basic elem ents are a spherical 

shell, a central electrically isolated collector, conductor s at a uxilia ry 

potentials, and a quartz fiber recharging assembly. The mechanical 

system exclusive of the spherical shell is referred to as the "quartz 

electrometer unit." Figure 4 is a drawing of the quartz electrometer 

W'lit :. 

The quartz electrometer Wlit in the ionization chamber i s 

capable of m easuring a 'current of l0-
13 

amps with a precision of l o/o 

by integrating the charge collected over a period of 3 0 minutes. The 

electrom eter unit performs a current mea s urement i n a period of time 

which i s inversely proportional to the current 

Calibration Constant 
6t= 

I 

The lower limit for current m easurements is determined by leakage 

-15 
currents, and is probably lower than 10 amps. The upper limit 

i s determined by the natural frequency of oscillation of the q ua rtz fiber, 

-8 
a nd is of the order of 10 amps. The limiting factor for the s ens itivity 

of the measurements made with an ionization chamber is the ba ckground 

current due to alpha particle emission from the walls o£ the chamber. 

-1 4 
This may run as high as 10 amps. 
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The electrometer a ction of the unit results from the c apacitive 

coupling between the fi.ber and the lower end of the collector. When a 

differential voltage is generated between the fiber and the e lectrically 

isolated collector (due to tl-oe colleCtion of electrons by the collector). 

then the resultant electrical force will displace the fiber. Due to tl-oe 

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 u sed to detect 

the occurrence of a recharging cycle. An analysis of the recharging 

· mechanism and a prescription for sati sfactory construction of the 

electrometer unit are given in Appendix B. 

W'hen operated as an ionization chamber, the fiber-to-collector 

differential voltage increases with time due to the collection of 

electrons by the collector. Thus in a constant flux of c harged par ticles 

the chamber recharging pulses occur at regular intervale, with a 

statistic al variation of the order of 1% resulting from the finite number 

4 
of particles interacting in the chamber (roughly 10 per pulse), and a 

systematic variation of the order of 0 . 3% arising from irregula rities 

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

pulse . 
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F or this experiment the electrometer unit was installed in a 

steel spherical shell of radius 12. . 8 e m and a wall thickness of 0 . 065 

e m . Tl1e shell was given a 0. 002 em c opper plating, o.nd the outside 

was painted with Krylon paint. The total wall th ickneaa was about 

-c. 
0. 5 gem • 

The electrometer unit was sealed into the shell , and the entire 

assembly was filled with a gas·. For m e asurement of the ionization 

due to the charged particle and y .. r ay flux of cosmic r ays , argon gas 

at 8 atm pressure was used. For measurement of the density o f 

10 
cosmic ray neutrons, B F 

3 
gas was u s ed in which ionization occurs 

10 7 11 
due to the B (n, CY)Li reaction. B F 

3 
gas was u sed to de termine the 

10 7 . 10 
background to the B (n, ·-v)Li reaction tn the B F 

3 
ionization 

. c hamber s . 

The purification of the boron trifluoride and the filling of the 

ionization chambers are described in App.endix C. Various test s were 

performed to ins ure proper operation of the ionization chamb e r s o 

Undoub tedly a certain amount of electron-ion recombination occurs i n 

the chamber. The density of fr ee electrons and ions along the track 

of the recoiling products of the B 
10

(n. cJ)Li
7 

reaction is ver y h igh, and 

these electrons and ions can combine with ea ch other, particula rly i f 

the track lies along the direction of the electric field between the central 

collector a nd the chamber wall. This type of recombination is referred 

to a s columnar recombination. Volume recombination will also occur 
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if electrons and ions resulting from different capture reactions combi ne . 

Bot~ columnar and volume recombination will depress the total cham ber 

current that is collected by the electrometer unit. Neither of thes e 

recombination processes will affect the values obtained for the neutron 

density to first order, since the absolute calibration was performed by 

using a B F 
3 

proportional counter to sample the neutron density in the 

vicinity of the chamber. However, th ere are th ree second order effects 

of recombination that must be investigated: the temperature dependence 

of the ionization chamber current, the collector voltage dependence of 

the ionization chamber current, and nonlineartties in the chamber 

response to varia tions of the 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 we1·e cycled through the temperature r ange 

from zs•c to ?o•c in order to determ ine the temperature dependen ce 

of the ionization current. The chamber s were irradiated with ther mal . 

neutrons or y-rays, and the ionizati'!n current was recorded a s a 

function of temperature. The temperature coefficient for the two B F 
3 

chambers tested was about the same for either source of ionization , 

and was less than 0. 05o/t per •c. The BF 
3 

chambers indicated an 

apparent increase in ionization current with increasing temperature. 

In general. the argon filled chamber s showed an apparent decrea s e i n 
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ionization current for increasing temperature. The temperature coef­

ficient was less than 0. OZo/e per •c for the better argon filled chambe rs. 

The tempera ture of the flight unit was monl tored on Flight No. 

5. The pressure sensing element normally present in the transmitter 

unit (a variable resistance device: '0 M 0 to 80MO ) was replaced by a 

thermistor circuit. The resistance of the thermistor circuit decreased 

in v a lue with an increase in temperature. Thi s re s i stance determined 

the pulsing r a te of the transmitter. The time between trans mitter 

pulses varied from Z. 4 sec at o•c to 0. 5 sec at so•c. The temperature 

sensing circuit is shown in F igure 5. The temperature of the flight 

unit during Flight No. 5 as a function of pressure altitude and time of 

day is given in Figure 6. The accuracy of the temperature measure­

ments was probably better than .:!:. 5•c·. The temperature on thi s flight 

ranged from ~z·c to 47•c. O ver this tempera ture range . the calibration 

of the ioniza tion chambers should cha nge less than 1%. 

The dependence of th e ioniza tion current on the collector re­

charging potential was investigated. S everal chamber s were filled with 

argon to a pressure of 8 a t m and the collector p otentia l varied from 

100 volts to 1600 volts. Above 2.00 volta most of the ionization chambers 

exhibited a collector voltage dependence of 0. 001% to 0 . OOZ% per volt. 

Chamber No. 375 was s ucc esiJive ly filled with argon and BF 3 to different 

p ressures . Above 300 volts the voltage coefficients observed were 

0 . OOlo/o per volt for a rgon pressure s of both 1 atm and 8 atm . O. 004% 
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per volt for BF 
3 

at a pressure of 37l mm Hg (o•c), and 0. Ollo/e per 

volt for BF 
3 

at a pressure of 682 mm Hg (o•c). In all cases an increa-se 

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 to drift only a few volts during the 

flight. It appears that fluctuations in the ionization chamber collector 

potential should account for less than a lo/e error in the measured 

ionization currents (both , for the argon chambers, and also for the 

BF 
3 

chambers filled to a pressure of 380 mm Hg (o•c)). 

The presence of volume recombination of the ionization produced 

in the BF 
3 

gas was investigated. Columnar recombi'nation 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 loas 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 th.e ionization 

current at high levels of intensity, and tends to reduce the ratio of 
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maximum to minimum ionization currents observed. To determine the 

importance of volume recombination. the response of the chambers to 

several radioactive 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 variou.s 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 

ionization chamber. electron attachment to form negative ions should 

occur within one em of the location of the ionizing event. Since ion-ion 

recombination is much more probable than electron-ion recombination 

(62.). any volume recombination effects must be ascribed to ion-ion 

recombination. The recombination rate in BF 
3 

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 BF 
3 

to which the ionization chambers were 

filled was determined as a compromise between two quantities: a high 

counting rate and a large ratio for the B 
10

(n. a)Li 
7 

ionization to that 
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due to the ionizing comp onent of cosmic-rays. The ionizing comp o nent 

of cosmic-rays generates a n ionization roughly proportional to the gas 

p ressure in the chamber. Due to self- shielding and recombination 

effects, however, there is an optimum filling pressure for the ioniza-

10 7 . 
tion current from the B {n, a)Li reaction. The average path length 

through a spherical chamber is j R. For a chamber of 13 em radius 

filled to a pressure of 1 atm (S .T. P .) of BF 
3

, enriched in the B
10 

isotope to 96o/o, 73% of a therm al neutron flux will be absorbed in 

traversing this di s tance. The maximum in the cosmic-ray neutron 

differential energy spectrum occurs a t 0. 1 eV. A bout SO% of thi s flux 

wUl be absorbed in traversing the chamber. Thus, the optimum filling 

pressure is of the orde r of 1 atm of BF 
3

• 

. . 10 11 
F light No. l., cons tsting of one B F 

3 
and one B F 

3 
c ha mber , 

determined the ratio of B 
10

(n, a)Li 
7 

ionization to cosmic ·ray ionization 

for chambers fUled with BF 
3 

to a pressure of 1 atm (S.T. P .). Flight 

10 ll 
No. 3, cons isting of one B F 

3 
and one B F 

3 
chamber, determined 

the ratio of B 
10

(n , a )Li 
7 

ionization to cosmic -ray ionization for chambers 

filled with BF 
3 

to a pressure of 0. 5 atm. The ratio at 100 g em 
- l. 

pressure altitude for the 1 a t m chamber s was 0. 45. The ratio at 100 

-2. g em for the 0 . 5 atm chamber s was 0. 77. All of the subsequent 

flights were made with chambers filled with BF 3 to a pressure of 0 . 5 

atm (380 mm Hg at o•c) because o f the m ore fa vorable ratio. 
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-l 
The balloons rose through the first 400 g em of the atmosphere 

-~ -~ (pressure altitude range of 760 g em up to 360 g e m ) i n about 20 

minutes (tirne to 2.5 , 000 ft). The low density of cosmic-ray neutrons 

in thi s pressure altitude range did not allow measurem ent of the 

B 
10

(n, a)Li 
7 

ionization current with the electrometer unit described in 

Appendix B . The measurements in this pressure range were accomplished 

by the u s e of a high-sensitivity electrometer unit designed by H. V. 

Neher (63). This electrometer unit has an auxiliary p otential that can 

be set to make the unit much more sensitive than the standard elec-

trometers. In all other respec ts --construction materials, design 

geometry, fiber size, etc. --the high-sensitivity electrom eter unit i s 

s imilar to the standard electrom eter units. An increase i n s ens itivity 

of a factor of (.0 was obtained by adjusting the auxiliary p otential to a 

value approximately e quai to the central collector potential plus 130 volts. 

Unfortunately, the calibration of the high-sensitivity electrometer unit 

is voltage dependent because of the introduction of the additional 

po~ential. In the laboratory the chamber calibration would fluctuate by 

about.±. l~o over a period of a few hour s . On F light No. 8 , one of the 

high-sensitivity electrometer units was used to measure the current in 

a B 1°F 
3 

ionization chamber. The unit was calibrated in flight by com­

paring the electrometer pulsing rate above a p ressure altitude of 400 g 

- 2. 10 
ern with the pulsing rate of a standard B F 

3 
ionization chamber. 
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V. ANALYSIS AND COMP ARISON OF THE DATA 

The analysis of the balloon flight data involves the extraction 

of the B 
1 0

(n, a)Li 
7 

ionization current from the total current of the 

10 
B F 

3 
ionization chambers. To first order, it is only necessary to 

. . 10 11 
measure the ionizatton currents from both B ft

3 
and B F 

3 
chambers, 

10 7 
subtract the latter from the former to obtain the B (n, a)Li ionization 

current, convert the B 
10

(n, O')Li 
7 

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 a nalysis pro-

cedure outlined in the foregoing paragraph. 
10 11 

The B F 3 and B F 
3 

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

10 
Appendix C), contain an admixture of the other isotope. The B F 

3 
0 . 11 11 . 

gas contains a 4+~ 1 o admixture of B F 3 ; the B F 
3 

gas contatns 

. . 10 
an 11 !,-~admixture of B F 

3
• The ionization current obtained by 

subtracting the data of the B 
11

F 
3 

chambers must be multiplied by 1. 12.9 

to correct for the boron isotopic admixture. Self-shielding effects, 

that is, the atten~tion of the incident neutron flux while traversing 

the chamber, must be taken into account. The self-shielding calculation 

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

-2. 
1. 166. Below a pressure altitude of 2.60 g em , no data were obtained 
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11 
f rom th e B F 

3 
chambers because of the low ionization currents 

present. The current d ue to the ionizing component of cosmic-ra ys 

-z below 2.60 g em was determined from the argon chambers . 

Ionization Units and the Relative C a libration 

P rior to fligh t , the chambers were attached to tra n smitters, 

and were normalized in a flux of "(-rays producing a known ionization 

i n air. The chamber electrometer assembly automatica lly recharges 

after a time interval inver s ely proportional to the ionization induced 

in the chamber by the incident flux: 6t = f . The time interval between 

these· recha rging pulses , when the chamber is placed in the 'V -ra y flux, 

determines the calibra tion constant K. The numerical value for the 

ionization current in the p resen ce of the calibration v•ray flux is chosen 

-3 -1 
to correspond to the number of ion pairs em sec produced by that 

flux in air at 74 e m Hg a nd .G4°C . T h is unit of ionization, "ion pair s 

-3 -1 -1 
e m sec atm , " enables a direct comparison of ionization value s 

to be made with other balloon p rograms of the c osmic-ray group at 

the California In•titute o f Technology (.G6, 4?, 50). Using this calibration 

10 11 
procedure, the B F 

3
, B F 

3
, and a rgon chambers wUl all yield the 

same numerical v a lue for the ionization current due to the ionizing 

component of cosmic -rays . 
10 7 

The B (n ,or)Li ioniza tion generated in 

the B 1°F 
3 

chamber, and to a lesser extent in the B 
11

F 3 chamber 
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10 
(because of the 11% admixture of B F 

3
), increases the ionization 

10 11 
current readings of the B F 

3 
and B F 

3 
chambers with respect to 

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

10 11 
ionization currents in the B · F 

3 
and B F 

3 
chambers are measured 

in units of ' 'equivalent ion pairs," a quantity that reduces to "ion pairs 

-3 -1 . -1 
e m sec atm " in the absence of a slow neutron flux. The argon 

-3 
chamber data can be recorded directly in terms of "ion pairs e m 

-1 -1 
sec a tm • " 

Definitions 

It is convenient to define the following quantities for the 

analysis of the balloon flight data. 

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

10 7 . 10 
B (n, ty)Li + l.. 35 M eV m a BF 

3 
chamber enriched in the B i sotope 

10 
to 96o/o (96% B F 3). 

l(c.p.), where c.p. e charged particles, is defined as the 

ionization current in the BF 
3 

ionization chambers due to the ionizing 

10 
com ponent of cosmic•ra y s . (l(c. p.) is exactly the same for B F 

3 
11 

chambers as for B F 
3 

c hambers.) 

10 
I(B F 

3
) is defined a s the total current in a chamber containing 

10 
B F 

3 
at an isotopic concentration of 96%. 

10 
I(B F 

3
) = l(n) + I(c. P•) • 
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I(B 
11

F 
3

) is defined as the total current in a chamber containing 

11 10 
B F 3 at an isotopic concentration of 89o/o. (The B F 

3 
concentration 

is 11%.) Therefore, 

I(B 
11F ) = !,!! I( ) + I( ) 3 96o/o n c. P • • 

I(Argon) is defined as the ionization current-in a c hamber 

containing argon. As wUl be shown from the Oight data, and as i s 

indicated on theoretical grounds, within 10%, 

I(Argon) = I(c. p. ) • 

10 11 
A measurement of the currents I(B F 

3
) and I(B F 

3
) permits 

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

I{n) = 1. 1Z9 (I(B 
1
°F 

3
) - I(B 

11
F 

3
) ] 

I( c. p.) = 1. 12.9 I(B 
11

F 
3

) - 0. 12.9 I(B 
1
°F 

3
) 

Absolute Calibration 

10 7 
The conversion of the B (n, a)Li ionization current data into 

a measure o.f the neutron density was determined by an absolute cali-

. 10 10 
bration. A B F 

3 
ionization chamber and a calibrated B F 

3 
propor-

tional counter were irradiated with a thermal neutron flux as des cribed 

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

10 
ionization current of the B F 

3 
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 r a te 

10 
of the calibra ted B F 

3 
proportional counter wa;s measured by amplifyi ng 
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the puls es to a maximum voltage of 90 volts and counting th em in a 

P ENCO P A -4 P ulse Height Analyzer. Mea s urements were taken with 

the counter placed directly in front of the B 
1

° F 
3 

ionization c hamber, 

placed directly behind the B 
1
°F 

3 
ionization chamber, and i n serted into 

10 
th e center of a dummy chamber filled to the same pressure of B F 

3 

a a the ionization chamber. Th e three counting rates were then averaged, 

and converted to a measurement of the neutron density by means of th e 

10 7 
known B (n,cr)Li cross section for the counter. 

B 
1
°F ti b (96at- B 1°F

3
•. 0 For the 

3 
ioniza on c h am er -,. 38 mm H g a \t 

o•c) in the calibration pos ition: 

I(B 
1
°F ) 

3 

I(c.p.) 

10 
I(n) = l(B F 3) - l(c. p .) 

c 577 equivalent ion pairs 

= 17 II II 

= 5 60 equivalent ion pairs 

10 
F or the B F 

3 
proportional counter (Reu ter-Stokes R SN 40A 

10 
Counter IIC -894 filled with 9 6% B F 

3 
to a p ressure of 4 00 mm Hg): 

P osition Rel a tive to 
the Ioniza tion C h amber 

F ront 

Center 

Behind 

Average 

Counting Rate 
for 1 H our 

Z, 953 counts 

1, 6 63 II 

1,687 II 

l., 101 counts 
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Bot h the manufacturer's stated counting rate in a thermal neutron 

flux. and the calibra tion at the Lawrence Radiation Laboratory ( see 

Chapter III) yielded a B 
10

(n, a)Li 
7 

rea ction cros s section for the pro-

2. 5 
portional counter of t.. 15 ern for a neutron velocity of l..l. x 10 ern 

-1 
sec Converting the counting r a te to neutron density. averaged 

over the ioniza tion chamber, o n e obtains: 

-6 -3 
N = 1. 2.3 + 0. ~5 x 10 neutrons ern 

The!. C.Oo/o error results from the uncertainty in th e proce ss of a verag-

ing the proportional counter r a te s over the volume of the ionization 

chamber. Thus the conversion factor for the ionization chamber 

becomes: 

. -3 9 
N (neutrons ern ) = l.. 6 + 0. 5 x 10 • I(n) 

S elf-Shielding Calculation 

10 7 
The absolute calibration enables the B (n, a)Li ionization 

current data to be transformed into the neutron density. averaged 

over the c hamber volume. In order to convert· from the averaged 

neutron density in th e chamber to th e neutron dens ity in the a t m o s phere, 

a correction must be estimated for the self-shielding effects o f the 

crarnber. A fraction of the neutron flux i s absorbed in tr.aver s ing the 

chamber. thua lowering the average neutron dens ity. A correction 

10 7 
fac tor for thi s effect was determined by c a lculating the B (n, a)Li 
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10 
reaction rate of the B F 

3 
chamber, when irradiated with slow neutron s 

having the energy spectrum computed by Hess. T h e ratio of the reaction 

r a te, a sauming an exponential absorption of the incident neutron flux, 

to the reaction rate in the "thin detector" approximation (no attenuation 

of the incident flux), determine s the amount by which the presence of 

10 . 
the B F 

3 
chamber depresses the neutron density. This calculation 

i s carried out in Appendix D. For a chamber fUled with BF 
3 

gas to a 

. 10 
p re ssure of 380 mm Hg (0°C) and enriched in the B isotope to a con-

centra tion of 9 6%, th e obs erved neutron density must be multiplied by 

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

the inatrurnent. 

Data Reduction 

. . 10 
Three s teps a re involved in the conversion of the B F 

3 
ion-

ization chamber data into a measurement of the cosmic-ray neutron 

density. 

(1) Obtain the B 
10

(n,a)Li 
7 

ioniza tion current by subtraction 

of the chamber current due to the ionizing component of 

cosmic -rays. 

(.i!) Convert from B 
10

(n, 01)Li 
7 

ionization current to neutron 

density. 

(3) Correct for self-shielding effects. 
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The B 
10

(n, a)Li 
7 

ionization current i s equal to: 

10 
I(n)=I(B F

3
)-I(c.p.). 

10 7 . 
The B (n, a)Li tonization current can be obtained by two procedures. 

11 
Either the B F 

3 
ionization chamber data or the argon chamber data 

can be u s ed to subtract the current due to the ionizing component o£ 

cos mic-rays. 

11 . 
The B F 

3 
ionization current c a n be used to determine I(c. p . ). 

10 1 1 
After correcting for isotopic admixtures in both the B F 

3 
and B F 

3 

ionization chamber s , 

I(n) = 1. 1~9 (I(B 
1
°F 

3
) - I(B 

11
F 

3
) ) 

The a rgon ionization current can be u sed to determine I(c. p . ). 

The calibration constants of the BF 
3 

a nd a rgon chamber s are initia lly 

normalized in a y-ray flux. Thus both the B F 
3 

and argon c hamber s 

yield the same numerical value for the ioniza tion due toy-ra ys . The 

y-ra y flux interacts in the chamber ga s by means o£ the Compton 

collision proce ss . F or photon energie s of the order of 1 M eV (the 

. energy u s ed in the calibra tion), the energy loss p er unit path length 

from a y-ray flux will be proportional to the electron density of the 

medium, a nd will be independent o£ the binding energy of the electrons. 

In the B ethe-Bloch formulation of the s lowing down of charged 

particles (64 , 65, 66). 
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2. 
.C:.m V 2. 

n Z { ln ( I: ) - ln ( 1 • ~ ) • B 2. } 

dE/ds due to ionization and excitation of electrons in the gas, to first 

order, is proportional to n Z , the electron density in the medium. 

Only to second order doe s dE/ds depend upon the elemental nature of 

the medium, through I*, the geometric -mean excitation and ioniza tion 

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

potential varies approximately a~ 

I* = kZ , 

wl,ere k i s roug....,ly equal to 12. eV. For charged particles of cosmic-

ray energies, the variation of dE/ds between BF 
3 

and argon, for equal 

electron densities, can be neglected. Therefore, it i s 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 h a ve only 

a slig'Pt dependence on the binding energy of the electrons. 

• 
Thus, on the basis of these arguments, it appear s that the r a tio, 

cosmic-ra y ionization 

v -ray ionization 

should be independent of either the elemental nature or the pressure 

of the ionization chamber gas. 

A. Johns ton, in his P '!-> . D. thesis (49), has shown that on theo-

retical grounds t'he di screpancy for the cosxnic-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 atm of argon, actually showed that, 

-~ at least above a pressure altitude of 140 g em , the discrepancy i s 

less than 1%. 

This constancy of the coomic -ray ionization/y -ray ionization 

ratio permits !(Argon), the numerical value of the ionization as 

determined by the argon ionization chamber, to be equated to I( c. p.), 

the ionization in the BF 3 chamber due to the ionizing component of 

co s mic-rays. An analysis of the balloon flight data shows that, to 

within 100/e, I(Argon) =I(c.p.). (See Table V.) Therefore, .. 

10 
I(n) = I(B F 

3
) - I{Argon) • 

-l 
From a pressure altitude of 6 g em ( 115,000 ft) down to l-60 g 

-l ( . ) em 34, 000 ft the current due to the ionizing component of cosmic-

rays to be subtracted from the B 
1
°F 

3 
ionization current wa s determined 

as the average of the argon and the B 
11

F 
3 

ionization current. Below 

l!60 
-&! 

g em the argon chamber data were used for the subtraction. 

Individual curves were plotted for the B 
1
°F 

3
, B 

11
F 

3
, and argon 

data, and a smooth curve was £aired through the points. The individual 

10 11 
points for the B F 

3 
and B · F 

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 {continued) 
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"0 ..... . . 0 l:'ll( a u 0 - bO 
~ • • ,.. 

13 - - < 
.... oM ,.. 

M ~ 
(!) • • .-1 1'\l ~ · ~ rz.. - r:: ('/') e < • ..... 

e ..... 0 Q) II U 
Q) 't).-4 - ~z ~ u - - - Q) ~ ~ -

~-
(!) 

M M s:: 
Ill) - - ('~') r:: 

(!) (!) ~ ~ 0 ,.. ..... ..... 
u of::.t 

0 0 
(!) e 0 - tiO n:l 0" II 0'- b Q) ,.. 
Q) - - ,.. ,s::. "l "l -- ,.. ... 

n:l ~ s - ::s Q) ::s ,.. ,.. r:Q u - s:l ..... r:: ~ > c z-a~ A. bO ·1:1 - - . - . -- < 1:1 - - ..... ..... ..... - - ..... 

340 12.3 59 64 19~xl0-9 

360 110 51 59 177 
380 97 45 5~ 156 
400 i 85 40 45 135 
4~0 76 36 40 u.o 
440 68 34 36 108 
460 6 1 2.9 32. 96 
480 55 ~6 2.9 87 
500 50 2.3 2.7 81 
52.0 45 2.1 ~4 72. 
540 40 19 2.1 63 
560 35 17 18 54 
580 31 15 16 48 
600 ·t.7 13 14 4l. 
62.0 2.3 1~ 11 33 
640 ~0 11 9 l.7 

660 17 10 7 .?.1 
680 15 9 6 18 
700 14 8 6 18 
72.0 ll. . 7 5 15 
740 11 7 4 l l. 

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 analyzed to 

determine l(n) according to the two methode 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 

11 
argon chamber, I(Argon), and as determined by the B F 

3 
chamber, 

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

the neutron density is calculated by multiplying I(n) by 2. 56 x 10 • 9 for 

-3 
the conversion to neutrons em and then by 1. 166 to correct for 

self-shielding effects. 

neutron density 
in the atmosphere J :3.0:!. 0. 6 X 10•

9 Irn). 

The curve for the neutron density is given 'in Figure 12. The individual 

. 10 
points represent the B F 

3 
data after subtraction of the current due 

to the ionizing component of cosmic-rays. 

The cosmic-ray neutron density exhibits a maximum of 

-7 -3 - 2 
4. 8 + 1. 2 x 10 neutrons em at a pressure· altitude of 100 g em 

(53, 000 ft), a rapid decline above this altitude, and an exponential 

-2 - 2 
decrease below 250 g em with an absorption length of 165.:!: ~0 g em • 

Due to the large number of neutrons captured per data point 

4 
(- 10 ), t'he statistical errors are of the order of.:!: 1%. A large 

systematic error of about.:!: l.O% h introduced by the absolute calibra-

tion. T'he 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 .:t ~o/o for the measurements 

at the maximum ionization to about .:t GOo/o for the low altitude measure-

menta. The systematic error introduced by the uncertainty in the 

self-shielding correction is probably less than .:t So/e. 

At least a factor of two improvement i.n the absolute calibration 

(from + 20o/o to at least+ lOo/o) could be obtained by making a co.mpariaon - -
10 10 

balloon flight with a calibrated B F 
3 

proportional counter a nd a B F 
3 

ionization chamber. A small proportional counter would be used s o 

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 s evera l 

hours. An absolute calibration of the proportional counter would be 

performed in the laboratory prior to flight. The absolute calibration 

would involve a determination of the counting rate of the proportional 

counter when placed at a point of known slow neutron density. The 

slow neutron density would be measured by monitoring the radioactivity 

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. 

F rom the observed deca y rate, the size of the indium foil, and the 

115 
known neutron capture cross section for In • the slow neutron density 

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

The measurements of W. Hess, et al., theN. Y. U. Cosmic• 

Ray Group, and L. C. L. Yuan wUl be compared with the work of this 

thesis. B ecause of the large geomagnetic latitude variations (10: 1) 

and time variation s ( 4 : 1) in the production rates of cosmic-ray neutronB, 

a 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 cos m ic-ray neutron p roduction as 

a function of pressure altitude and geomagnetic latitude for solar 

sunspot minimum and solar sunspot maximum. The results of this 

calculation, which a re probably valid to within!. l-5%, will be used to 

correct all measurements to the values expected at a geomagnetic 

latitude of 41 °N during 196~ . 

Hess , et al. (4 , 14) measured the neutron energy spectrum in . 

the winter of 1956-1957 with detector s installed in a B-36 airplane, 

-l. 
up to an altitude of 40 ,000 ft (200 gem ). They assumed that the 

-l 
measured height dependence of the neutron s ource of exp( •x g e m /155) 

could be extended up to the top of the a tmosphere. A multi-group 

diffusion analysis was then used to generate the neutron energy spectrum 

-2 from 200 gem up to the top of the atmosphere. This assumption of 

an exponentia lly increasing source s trength up to the top of the a tmos­

-l. 
phere lea ds to a maximum i n the neutron dens ity at a bout 50 g em , 



58 

a position tha t is inconsistent with a ll balloon measurements. Lingen-

falter has shown that the exponential assumption extended to the top of 

the a tmosphere is improper, and tha t a maximum in the neutron source 

-~ actually occurs at a pressure altitude of 100 g em (53, 000 ft) for 

geomagnetic l a titudes below 55°. S ince tne slowing down length for 

-G the neutrona is only about 50 g em , a maximum in the slow neutron 

-~ -~ density is also to be expected at 100 g e m • Thus above 41!00 g e m , 

14 
th e C production r ate calculated by Lingenfelter i s a more p roper 

comparison to the work of this thesis. The N
14

(n, p)C 
14 

production 

cross section ha s a 1/v dependence for slow neutrons; the p roduction 

rate is therefor e proportional to the density of slow neutrons. Lingen• 

14 -2 
felter 's C production estimates above ~00 gem pressure altitude, 

normalized to Hess's experimental data, and the data of Hess, et al. 

-2 
below 200 g em 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 nux values by the 

reciproca l of the velocity and then integrating over all energies . The 

data w e re then multiplied by 0. 8 to correct from a geomagnetic l a titude 

of 44• t o 4 1 • , and by 1. Z. to correct for time va ria tions. The corrected 

neutron density value s are shown in .E"i gure 14 . 

As can be lieen from F igure 14 , even after the neutron s ource 

corrections applied by Lingenfelter, the meas ured n eutron densities 
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are stUl SO% higher than the values obtained in the work of this thesis. 

It is unlikely that a difference in the absolute calibration can be an 

explana tion, as an intercompa rison of standards between the two 

laboratories was m a de. 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-Ra y Group h as undertaken 

10 11 
a large number of balloon flights using B F 3 a nd B F 

3 
p roportional 

counters to. measure the slow neutron density (3,38, 68). The N . Y. U. 

-1 
Group estimates that for their matched counters 177 counts min would 

-1 
result in a neutron coun ting rate of 1. 01 neutrons min for a BF 

3 
10 

counter with a boron component of 100o/e B F 
3 

a t S . T. P . and with 

a volume of one cubic centimeter. Converting their counting rates 

to neutron density, one obtains: 

-3 -9 -1 
N(neutrons e m ) = 4. Zl x 10 C (counts min ) • 

For F lights No. 66 and 67 (Augus t 1954 at"- = ss•N). a time cor-. m 

rection of 0. 9 6 wail mad e . The latitude correction was a function of 

.. z 
pressure altitude and r anged from 0. 40 at 0 g em to 0 . 81 at 680 g 

2 . 
e m - • For F lights No. 91 and 93 (September 1958 at).. = 4 l.N) a 

m 

time correction of 1.24:! was m a de. TheN. Y . U. corrected neutron 

density values are shown in Figures 15 a nd 16. 
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There is satisfactory a greement between theN. Y. U. Group 

.. 2. 
and the work of this the s is for pressure altitudes below 100 g em 

(53, 000 f t), considering th e + lO% 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 (1 2). On each flight 

10 
two identical proportional counters filled with BF 

3 
of 96% B 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 c apture cross section for 

c admium 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 -9 -1 
N(neutrons em ; E < 0 . 4 eV) = 6. OL. x 10 C(counts min ). 

These numbers were multiplied by 1. 83 to correct the data for neutrons 

with energies between 0. 4 eV and 10 keY. The time correction was 

-2 
1. 13; the geomagnetic correction varied from 0. 54 at 0 g em to 

.. z 
0. 82. at 680 g em • The corrected neutron density values are shown 

in F igure 17 for the January 1949 flight. 
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With respect to these comparisons, it should be pointed out 

that the instrumentation used in the work of this thesis has a total weight 

of lllbs per balloon flight, while the equipment launched by other 

workers weighed at least 100 lbs. The launching of payloads of thi s 

weight must neces sarily be made under favorable wind conditions, and 

witb the use of facilities usually available only under contract. While 

for a few flights this is only a matter 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-

a tions; 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. P roportional counter s 

are limited in volume by the requirement that electron attachment to 

form negative ions m ust not occUl", 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 em {53, 000 ft). but are subject to problems associated 

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

F rom Oct. l.l, 196l. to Oct. l.S, 1962, on Balloon Flights No s . 

7, 8, and 9, the presence of radioactivity from bomb test debris wa s 

obser.fed in the stratosphere. All of the radioactivity appeared to be 

· '-located above a pressure a ltitude of 100 g e m (53, 000 ft). On Flight 

- t. 
No. 9, t'he maximum radioa ctivity occurr e d at 35 g c:m (75, 000 f t) 

·3 ·1 ·1 ( with a measured ionization of 376 ion pairs em sec atm converted 

-1 
into units of Roentgens: 0. 73 m r hr ), 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 v•rays and to charged 

l. 
particles capable of penetrating the wall {wall thickness: 0. 5 g em- ). 

Thus beta rays of energies below 1 MeV were not detected. The large 

cosmic-ray background probably would prevent detection of the radio-

a ctivity with an ionization chamber except during the fir s t few months, 

p rior 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 cutoff 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 D P lanetary P robe during Flights Nos. 7 and 8 (69). 

SimUar 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 radioactive dust content of the stratosphere by means of 

balloon-borne filters. The fUters are recovered and analyzed for 

. gross beta activity and for six specific radioisotopes. The balloon-

9 0 
borne £Uters indicated a maximum in the Sr concentration at about 

2. . . -l 
4 5 gem.. (70, 000 ft) for equatorial latitudes, lowering to 90 g em 

90 
(55, 000 ft) in polar regions. The concentration of Sr was unobserv-

-l 
able below the tropopause or above 15 gem (95, 000 ft) (76). 

It appears that the radioactive debris is initially injected into 

the stratosphere by a thermonuclear det~nation, a slow settling and 

diffusion of the debris across the tropopause then results on a time 

scale of months to years, and a rapid mixing and precipitation occur 

out of the troposphere in the period of about a month. 
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90 
The measurements of the vertical distribution of the Sr 

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 

-2 
radioactivity occurred at 50 g em (68, 000 ft) on Flight No. 8 and 

-2 
at 35 g em on Flight No. 9, both at a geographic latitude of 34°N . 

The event observed by H. R. Anderson on Oct• 16, 1958 a t Bismarck, 

North Dakota (geographic latitude: 47 °N) displayed a maximum. at 

-Z. 
80 g em (58, 000 ft) • The event reported by H~ V; Neher and H ; R: 

Anderson that occurred at Bismarck on July 28t 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 

observed below the tropopause, or at the top of the a tmosphere. 

The individual points representing the data obtained on 

Flight No. 9 (Oct. Z5, 19U!) with an argon filled ionization chambe• 

are shown in Figure 13. 
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VI. OTHER EXP ERIMENTS 

In this chapter, three problems other than the measurement of 

neutrons in the atmosphere are considered: ( 1) extrapolation of the 

-Z. 
balloon data from 6 g em pressure altitude up to the top of the atmos-

phere, (2) 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 a linear extrapola-

tion of the counting rates of BF 
3 

proportional counters upward from 

-z . 
an atmospheric depth of 4 g em • This procedure is difficult 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 

ionization 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 Xtr' 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 dens ity 

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 Milne problem) (Zl, z.~. 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: 

N (x=O) = (0. 71)>. dN(x=O) 
asym tr dx 

The factor of 0. 81 results from an abrupt decrease in the number of 

· downward scattered neutrons that occurs within the last few scattering 

lengths of the atmospheric boundary. Of course the slow neutrons i n 

the atrnoap~erc are not monoenergetic, nor can the absorption of these 

neutrons be totally neglected. However, these effects . should not 

produce a l a rge 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 bounda ry, determine the tra nsport 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=O) = (0. 575) X [ ~ l 
tr dx -

where [ ~. J is t:he averaged neutron density gradient as determined 
dx 

from th e balloon data. 

The transport length for slow neutrons in the atmosphere is 

. -2 
).,t = z. 9 g em • Fitting the data with a straight line in the region from 

-2 -2 
5 g em to t!O g em • extrapolating to the origin, and iterating once 

for consistency, 

!- J -9 -3 ( -2 -1 dN = 9. 7 x 10 neutrons e m g em ) • 
Lcl; 

Therefore, 

-9 -3 
N(x=O) = 16 x 10 neutrons em o 

The accuracy 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. 

-G. 
Since tne diffusion length for thermal neutrons is only 3 g em , an 

increase in t~e neutron density at the top of the atmosphere due to the 

return of albedo neutrons would not necessarily be observable at 

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

the removal process of neutron 13-decay. A 0.1 eV neutron moving 
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vertically in the earth's gravitational field has roughly a 50% chance 

to decay before returning to the top of the atmosphere. All things con-

·9 -3 sidered, the value of 16 x 10 neutrons em for the density of slow 

neutrons at the top of the atmosphere is probably correct to within a 

fa ctor of '-· 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 f3 -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 corrc::sponding to the various workers are summarized 

in Table VI. 

The extrapolation method used for the data of this thesis was 

described earlier ln the chapter. Hess, Canfield, and Lingenfelter (4) 

used a multi•group diffusion analysis, normalizing their data to experi­

-~ mental results obtained at a pressure altitude of 200 g em • Haymes 
' 

and Korff (77) fiew B F 
3 

proportional counters from a balloon to a 

-z pressure altitude of 4 g em and then extrapolated th e data to the top 

of the atmosphere. {WhUe analyzing the data of Haymes and Korff, 

the writer discovered an error in the fiux values quoted by them in the 

literature. This error was subsequently verified by Haymes. The 

article should read, "Extrapolating to the top of the atmosphere, a 

-8 -3 
value of 1. 0 + 0. 4 x 10 neutrons em was obtained for the slow 
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TABLE VI 

T~E DENSITY OF SLOW NEUTRONS 

AT THE TOP OF THE ATMOSPHERE 

Workers Ref. Method Date 

This Thesis Balloon Data 196~ 

Hess, Canfield 4 M ulti-Group 1956 
and Lingenfelter Diffusion 

Calculation 

Haymes and Korff 77 'Balloon Data 1959 

Reidy, Haymes 79 Aerobee-lSOA 1960 
and Korff Sounding Rocket 

H ess and Starnes 80 Atlas P od 1960 

Martin, Witten 81 Atlas Pod 196 1 
and Katz 

Bame, et al. 8~ Atlas Pod 1961 

X m 

4l•N 

44•N 

ss•N 

49•N 

40•N 

2.1•N 

36•N 

• All workers quote absolute errors of leas than.:!:. SO%. 

Neutrons• 
cm-3 

16xl0-9 

40xl0- 9 

lOxl0-9 

370x10-9 

57x1o·9 

100x10·9 

13x10-9 
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neutron density.") Reidy, Haymes. and Korff (79) instrumented an 

10 - 11 
Aerobee-lSOA sounding rocket with lOB F 

3 
and G4 B F 

3 
proportional 

counters. The rocket reached a maximum altitude of about 2.00 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 

3 
proportional counter enclosed i n a paraffin shield, 

and was s ensitive to neutrons over an energy range of ~5 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 B 
1

° F 3 p rop ortional 

11 
counter on an Atlas pod. Equipment associated with B F 3 counters 

in the pod malfunctioned, and a subtraction for background counts was 

not possible. The background counting rates observed by Haymes 

and Korff and by Reidy, Haymes, and Korff suggest that the densitie s 

obtained by Martin. Witten, and Katz should be multiplied by O. 5 to 

correct for background. Bame, Conner, Brumley, Hostetler, and 

Green (8Z) flew three moderated Li
6
I(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 o£ three. Th e results of their experiment suggest a slow neutron 

-9 -3 
density of about. 13 x 10 neutrons em • 

The Measurement of Slow Neutrons in sece Using Ionization Chambers 

The measurement of the slow neutron density in space is s ubject 

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 

10 
B F 

3 
ionization chambers utilized in this thesis, the ratio of the 

neutron capture ionization to the charged particle ionization, extrapol-

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

R= = o. 045 • 

A considerable improvement in this ratio can be attained by utilizing 

the He3(n,p)H3 + 0. 765 MeV reaction. If the gas pressures of a 

10 . 3 
B F 

3 
ionization chamber and e. He ionization cf...amber are adjusted 

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

then the ratio becomes 
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3 10 f Q value for H e
3 + n 

.R(He ) = R(B F 3) x 1_ 10 
Q value for B + n 

l 
I 

_ _] 

x [ electrons per BF3 molecule J 
electrons per He atom -

3 
R(He ) = O. 31 

3 
This value for R(He ) ts an upper limit, as some of the reaction energy 

will be lost if the proton intercepts the chamber wall. This wall effect 

3 3 
is greater for He because He has a much lower stopping power than 

B F 
3

, and consequently the range of the recoiling proton in the 

He 
3
(n, p)H

3 
reaction wUl be greater than th e range of the alpha particle 

10 7 
in the B (n,O')Li reaction. Thus it appears that even using the 

He 
3
(n, p)H

3 
reaction, counting rates to background ratios for ionization 

chambers are lower than those attainable with proportional counter s 

{which a~e at least equal to unity) for the measurement of slow neutrons 

in space. 

:_I'he Construction of a Ground Monitor for the Nucleonic Component 

of Cosmic Radiation 

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

mental method for extending the study of primary cosmic radiation 

intensity variations versus time to the low enel"gy portion of the primary 
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particle spectrum by measuring the nucleonic component intensity 

within the atmosphere. The detector system is a pUe structure of lead 

and paraffin within which the rate of local neutron production is 

10 
measured by B F 

3 
proportional counters. 

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, TT•star-n, ... -star-n, 

and similar processes are small, but the nucleon-induced distintegra-

tiona have large cross sections and yield on the average, more than 

one neutron per di s integration. It baa been determined that at>. = Sl• 

the local neutron production from showers, TT and \Jo mesons, and 

y-produced stars is leas than 3% of the total neutron productiono Thus, 

the counting rate of the detector will be only a function of the nucleonic 

component, and wUl 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 nucleona have long mean 

lives. The small meson links which are present contribute a temper-

ature dependence of less than -0~ 006fe per •c at>. = so•. Of course 

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

system must be made. This 1a about - lS per mm Hg. 
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By using a local condensed moderating material such as paraffin 

or carbon s urrounding 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 m ovement 

of heavy materials, snowfall, per sonnel, and neutron emitting radio­

active sources. 

The average number of neutrons emitted by a low energy nuclear 

disintegration ls 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 m oderator, 

t'he atmosphere and the environment of the detector are excluded as 

both the neutron source an~ moderating medium, 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 th e low 

energy portion of the cos mic-ray spectrum than previously designed 

monitors a s evidenced by th e greater latitude variation (at s e a level, 

a factor of 1. 8 from o• to so• for the neutron monitor pile a s com­

pared with 1.1 for a shielded ionization chamber). 

A neutron monitor pile can be constructed ualng the ionization 

chambers described in this thesis. A neutron monitor pUe s i m ila r i n 
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philosophy to that designed by Simpson, Fonger, and Treiman was 

assembled. An ionization chamber was surrounded by 5 em of paraffin, 

and the top and two side a were covered with 1, 000 lbs of lead bricks. 

The equipment was transported to the top of Onyx P eak, 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 

a B 
1
°F 

3 
ionization chamber, and with an argon ionization chamber. 

(The barometric pressure was 765 g em -l. on Nov. 3, 196Z.) The 

ionization currents which were measured are given in Table vn. 

It was shown in Chapter V that l(n), the ionization current due 

. . 
to the capture of neutrons, can be obtained by subtracting the argon 

10 
chamber data from the B F 

3 
chamber data. For the unshielded 

10 
chambers, l(n) = I(B F 

3
) • l(Argon) = l.l. 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: ~= 1 : 1. 8 : 3. 3 • 

ln 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 VII 

IONlZA TION CHAMBER MEASUREMENTS ON ONYX PEAK 

Ionization 
Ionization i n ion 
Chamber Gas Configuration Date pairs equ.iv. 

B lOF 
3 

Neutron Monitor P ile Nov. 3, 1962 77.7 

Argon Neutron Monitor P ile Nov. 3, 1962 6.4 

B lOF 
3 

Paraffin Only Nov. 3, 19({.2 47.7 

A rgon Unshielded Nov. 3, 196Z. 10.0 

B lOF 
3 

Unshielded Oct. 4, 1962 31. 1 

B 11Jt" 
"' 3 Unshielded Oct. 4, 1962 12 .8 

Argon Unshielded Oct. 4, 1962 9. 4 
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For the study of time variations in cosmic radiation, the pre­

cision of t~e data of such a monitor is limited mainly 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 use£~ for monitoring the low energy 

portion of primary cosmic radiation at remote locations at high eleva­

tions, where electl'ica:l power is not available. 
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Vll. CONCLUSIONS 

The construction o f an ionization c hamber , using the N eher 

quartz electrom eter system, for the detection of slow neutrons i s 

reasona bly straightforward. Even when care is taken to insure clean-

line as of the chamber, and the gas is purified, it is poss ible that some 

charge recombination occurs within the chamber gas. Nevertheless, 

this does not introduce large temperature effects, nor does it degrade 

the voltage dependence to the point where the precision of the measure-

ments i s affected. 

Recombination problems and self-shielding effects lim it the 

10 
pressure of B F 

3 
to which the chambers may be filled. The number 

of data points obtained on a single balloon flight with cnamber s using 

the standard electrom eter sy s tem does not give sufficient altitude 

resolution. Improvements in the calibration stabilization of the high 

sensitivity electrometer units woUld enable the entire neutron densi ty 

profile to be obtained on a single flight. The precision of tbe low 

altitude measurements (below 2.0, 000 ft), which require the high s ensi-

tivity electrometer unit, would be improved also. At least a factor of 

two improvement in the absolute c a libration (from! Z.Oo/8 to at least 

+ 10%) could be obta i ned by makin g a comparison balloon flight with -
10 10 

a calibrated B F 
3 

proportional counter and a B F 
3 

ionization chamber. 
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Such c;L calibration would inherently correct for self-shielding effects 

in the ionization chamber. 

It was fortunate that the intensity of cos mic radiation did not 

change at the geomagnetic latitude of th e balloon flights during 1962 , 

for i t allowed all of the · data to be plotted togeth er, thereby gaining i n 

altitude resolution. The small spread of the data as evidenced in 

F i gures 9 and 10 attests to the preci s ion of the measurements . 

Comparison of the values obtained for th e neutron dens ity from 

10 . 10 11 
l(n) = I(B F 

3
) .. I(Argon) and from I(n) = 1. 129 (J(B Fj • I(B F 

3
) ] 

. 11 
indicate that it is not necessary to fly B F 

3 
chamber s . B oth the 

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

10 
analysis of B F 

3 
chamber and argon chamber measurements. The 

large volume of the ionization cham bers (9 liters) resulted in a sig -

nlficant reduction of statistical 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 b e, 

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. Other worker s that have attempted to 
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determine this quantity have obtained such a divergence of values 

that the actual number is still in question. 

The agreement with the cosmic-ray neutron meas urements of 

the New York Univer sity Cosmic-Ray Group is excellent, considering 

the difficulty of making proper time-and-geomagnetic latitude cor-

rections, plus the.:!.: ~Oo/o 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 altitud,es above 150 g em ) 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 ar~ produced in the atmosphere by a number 
; 

of processes, by far the majority of them are products of the nuclei 

of air disrupted by cosmic-ray interactions. The experimental work 

of this thesis enabled the density of these cosmic-ray neutrons to be 

determined throughout the atrnosphet:"e. 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 1n N (n,p)C <apture ,or, at the top of the atmosphere, 

upward diffusion into space. 
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APPENDIX A. SYMBOLS, UNITS, AND NOMENCLATURE 

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

the equations in which they app ear. A iew symbols are used repeti-

tively .. and are defined only for their initial appearance. The definitions 

o'f these symbols are repeated here. 

-3 
N = neutron density (neutrons em ). 

-2 -1 
ql = neutron ilux (neutrons em sec ). 

-3 -1 S = neutr on source function expressed in neutrons ern sec 
or neutrons em -2 sec -1, depending upon the context. 

n = d . ~ di d . 1 i - 3 ens1ty ox me urn expresse 1n nuc e em , or; 

n = used as identification symbol ior "neutrc.n," 
e. g., tp{n), the neutron flux. 

a = reaction cro ss s ection per \arget nuclei. 

}"" = macroscopic cross section of a medium for some 
specified reaction. i:: :o:: ncr. 

E :o:: energy. 

v = velocity. 

3 
V = volume of a detector {em ) • 

I :o:: ionization current measured by an ionization chamber. 

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

sphere oi unit cross section area. <.p = Nv. 

P 1 . d . d . - 2 ' . ressure a titu e 1s expresse 1n grams em mass or a1r 

overhead. 
-2 

The conversion from pressure altitude in gram s ern to 

standard altitude in f eet is given in Figure 1. 
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10 11 . 
I(B F 

3
), I(B F 

3
), and l(Ar gon) are the i muzation currents 

measured by c h ambers filled with the indicated gas. The ionization 

current~ are expressed in 1 1equivalent ion pairs," a unit that reduces 
• . 

. n· . . -3 -1 -1 f • " . h b . tl to 1on l_)alrs em sec atm o a1r 1n t e a sence o t a n eutron t ux. 

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

10 7 10 10 
B (n, cv)Li + z. 35 MeV in a B F 

3 
chamber enriched in the B 

isotop e to 9 6o/o. 

I( c. p.) is the ionization current due to the ionizing compon e nt 

of cosmic-rays. 



APPENDIX B. T HE ELECTROMETER UNIT 

The Neher integrating ionization chamber has been described 

in the literature (Z6, 56-59). See Chapter IV for a description of the 

ionization chamber and for an outline of the operation of the quartz 

electrometer unit. F igure 4 is a drawing of the quartz electrometer 

W'rlt. If a significant level o£ i mpurities i8 present in the chamber 

gas, or if the electrometer unit is improperly constructed, the total 

number of pulses attainable from the ionization chamber will be 

severely restricted. This section p resents an analysis o f the recharging 

mechanism and provides a prescription for satisfactory construction of 

the electrometer unit. 

Analysis of the Recharging Mechanism 

Given the fiber restoring force F f(z) and the electrostatic 

attractive force of the fiber to the collector F (z, ~V), where z 
e 

represents the fiber displacement from an unstressed position and 

6V represents the fiber-to-collector differential voltage. then a position 

o f stable equilibrium will be found for 

·provided 

F f(z) = F e(z, AV) , 

aF .. (z) 
1 

oz > 
oF (z, 6V) 

e 
oz 

Condition ( 1) 

Condition (2) 



93 

T h e fiber re sto ring i o rce will vary roughly as some powe r law o f 

the displacement z. H owever, as the fiber approaches the c ollector, 

the electrostatic forces will increa:.~e without limit. Thus, by p rop e r 

spacing of the fiber-to-collector distance, condition (2) will be 

violated for a particular 6V, instability will result, and the fiber will 

accelerate toward the collector. 

The motion of the fiber subsequen t to impact u pon the collector 

is rather involved, and depends not only upon the particular fibe r ­

collector geometry, but also on the associated electrical circuit. 

"Dynamic" forces due to the m otion of the fiber, the coefficient of 

restitution for fiber impact, . the fiber-to-collector adh e s i on , the 

various capacitances of the electronleter system, the e l ect!"ical 

res istance of the iib er. and the rate of recharging arc factor s which 

determ i n e how long the fiber remains in c ontact with the collector 

and. the duration of ti m e for ,·naintenance of electrical contin uity fro m 

the fiber to the collector. After discharge o f the current p ul se to the 

collector, th e fiber-to-collector dEfer ential voltage is nullifi ed a nd 

the fiber returns to its u n:; tressed p o s ition. 

When the electrometer unit and the associated grounded sh ell 

are operated a:.J an ionization cham ber, !).V increases with time due 

to the collection of electrons by the collector. Thus i n a time i n de­

pendent flux ·of charged particles, the chamber recharging p ulses 

occur at regular intervals, with a statistical variation resulting from 
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the finite number o f particles interacti ng i n a cham ber, and a sys-

tematic variation d ue to i rregularitie s in the a rnount of charge trans-

fe1·red to the collector d uring a c h a mber p ul se. 

The waveform of th~ rec harging p ulse fror.:1 the ionization 

c~amber and the as s ociated e l e ctric.n.l circuit can be i n terpreted in 

The c ollector to spherical shell c npacitance, C , i s es ti mated 
c 

t o be a bout 3 p£, as deterrni ned f rorn 

c = c 

~:z 
0 

hV 
0 

where t.V is the fiber - to-collector potential necessary \:o initiate tr e 
0 

recha:!:ging cycle, and Q ia th e ar:.-:1ount oi charge per pulse. 6V 
0 0 

can ba rneasured directly; C can he calculated by placing the c hamber 
0 

a t a p oint of known i o nization. 

T he quartz iiber resistance i o determined by the thickness o f 

aquadag deposited on the fiber. Values from 0. 2 MD to 2. Mr.! per -

forrn in a sati sfactory rnanner . 

Because of the e~mall dimension a involved, the fiber • to -collector 

capadta.nce i s small with reapect to the collector-to- spherical shell 

The distributed capaci ta.nce oi the electrometer system a nd 

the distributed capacitance of the recharging circuit are estimated 

by measuring the pulse height on an oscilloacope. The observed pulse 
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height, 6V' , is related to 6V by 
0 0 

' 
AV I= 6V 

0 0 

c 
c 

c + c + c + ci c e r 

}>l ao , by observing the decay dme o f the pw3e, an ' indep e ndent value 

i8 obtained: 

Td t::::s R (C + C + c1) • 
r e r 

Values of C + C t::::s 20 pf are in agreem ent with either method . 
e r 

The rechar ging circuit resistor, R • is determined by require­
r 

m e nts on the p ulse length. f.' or R = 1 M , the decay d m e of the p ulze 
r 

is observed to be about 30 ~aec. 

The blocking capacitor of the recharging circuit serves to i su• 

late tlw amplifier input from the recharging battery. Its value is 

chosen to be large with respect to other capacitance~ (C b = 0. 001 ~i). 

Ri and Ci rep resent the input impedance of the associated -

amplifier and are: 

R = 1 MO, 
i 

Ri = 10 M CI , 

c
1 

= 10 pi 

c i = 10 pf 

for a flight unit; 

for an oscilloscope. 

As s oon as continui ty is establi shed between the fiber and the 

collector, a current reHults which transfer s charge frorn C , C • · e r 

and C . to the collector capacitance, C • Thus the rise tim e o f the 
1 c 

electron'ieter p ulse i s deter r£lined p rimarily by th e fiber r esistance 
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and the collector capacitance. Rise times measure 0. 2 to 2 IJ,sec for 

fiber resistances of 0. 1 to 1 M 0 . It is 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 ofT r = RfC c = 0. 3 to 3 ~J,sec, which agrees 

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 lo s t. 

B ecause C£ << C << C + C + c
1

; it is not possible to determine the 
c e r 

exact time when continuity ceases from examination of the oscilloscop e 

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, 

the amplitude of this mode is not excited by the pulsing operation . 

Th,e 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 p resence of impurities i n 

the chamber gas may also increase the adhesive effects. 

As 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 em in length, fastened to a supp ort 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 poten tial. 

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

the p ulsing rate of a chamber may change a few percent. The decreased 

size of the pulse permits the collector to be charged to a higher 

potential, thus increasing the time between chamber p ulses. Thi s 

implies that ·some chambers maintain fiber-to•collector conduction 

for periods as short as 50 IJ.Sec. The presence of this effect requires 
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that the ionization chamber be calibrated with the particular transmitte r 

to be used on a flight. 

In a constant flux of charged particles, the recharging p ulses 

are ob s erved to occur at regular intervals, with a variation of lo/o . . 

which can be attributed to the finite number of particles interacting 

in the chamber (app roximately 10
4 

per p ulse). 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 p oint for commencement 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 cham bers appear 

to be quite s mall. F ive chambers which have been used a s standards 

on summer trips to Thule, Greenland since 1959 and cons equently 

have been subjected to rather severe treatment exhibit variation s 

from their mean value of less than 1%. A much larger value. would 

p robably be indicative of a chamber leak or malfunctioning o f the 

electrometer unit. 

The pulsing rate of the ionization chamber bas som e dependen ce 

upon the battery potential of the recharging circuit. This is due to _ 

electrostatic effects in the electrometer system and to recom bination 
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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 reaulta from the elimination of 

electrostatically induced stresses on the fiber due to fiber-t~-

electrometer ground capacitance. These stresses alter the fiber null 

position and change ~V , the fiber-to-collector voltage required for 
0 

initiation of the recharging cycle. Ionization chamber-s 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 small. For ionization 

chambers filled with 8 atrn of argon, the temperature sensitivity is 

less than 0. 03% per •c for the better units. The dependence on tern-

perature is due to recombination in the chamber gas, changes in the 

fiber elastic constant, and to nonuniform coating of the fiber. 

Because of the small diameter of the recharging fiber, the 

effects o£ gravity and of chamber accelerations are important. Treating 

the fiber as 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 em in length, 

the displacement of a point on the fiber 0. 5 em from the attached end 

is 0. OOZ em when the chamber is inverted. For a fiber-to-collector 
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spacing of 0. 013 em, this corresponds to a percentage change in 

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

chamber is of this order, ranging from lOCVe to ZO%. 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 (1~'*' cos e) 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 mounting in the chamber have ·been discussed in the 

literature (Z6, 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 micro­

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 ~asic 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 em 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 o£ solution by painting 

the surface with diluted "aquadag, 11 a s uspension of colloidal graphite 

in water. (" Aquadag," colloidal graphite in water--Z2o/e solids, can 

be obtained from 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 2 4 hours so that 

the graphite not in suspension will settle out. 

3) Pour off the top 75o/o for use. 

The recharging fibers are constructed from fused quartz, 5 

to 10 microns in diameter. Several methods of producing quartz fiber s 

of this size are known (85, 86, 87). The method of drawing quartz fiber s 

out of the molten tip of a quartz rod and winding them on a revolving 
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drum appears to be the i-noGt sati sfactory. Using such an apparatus , 

H . V. Neh er has drawn fibers as small as 3 microns (88). The 10 

micron fibers used in this experiment were made on such~ machine. 

Immediately after production, the fibers are cut into zo em 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 small gummed label about 4 em from the lower tab of a sus­

pended length of fiber. .l?irst cut the attached tab in half • then cut the 

short length of fiber in half. This results in two Z em lengths of fiber, 

both secured to tabs. 

Now heat the end of the fiber support arm and with another 

quartz rod pull it out to form a small tip. Then moWlt the tab, with 

attached fiber, in a holder of a micromanipulator and adjust the 

m anipulator Wltil the fiber lies over the tip of the sup port arm in a 

direction roughly corresponding to its final attachment p osition. Then , 

using a small hydrogen-oxygen flame, heat the support arm in the 

vicinity of the fiber, being careful not to direct the flam e onto the fiber. 

Vvhen the tip of the supp ort arm becomes molten, the surface tension 

of the molten quartz will draw the fiber in. Advance the manipulator 

so no ten s ion is present in the fiber, and then flex the fiber with a steel 

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

F igure 19 gives the dimensions of the fiber and of the attachment 

geometry for the electrometer units used in this experiment. 

P reparation 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 th e 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 ranging 

down to 10 microns in diameter can be coated t1sing a small artist' s 

brush. F or smaller fibers, and for a more uniform distribution of 

the aquadag coating. the method described here is recom mended. 

The a pplicator 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 thi s en d 

when the rod is dipped in the aquadag. A 1136 P t wire mounted in a 

' 
conducting holder and supported by a manipulator is used for m easuring 

the resistance of the applied aquadag coating. Better electrical contact 
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ls maintained witb 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 aquadag onto the fiber. The heater also bakes the 

fiber coating to insure that the fiber does not change position when 

the ass embled chamber is evacuated and degassed in a n oven. By 

applying the hot wire directly to the quartz fiber, irregular deposits 

of aquadag can be removed, without appare nt damage to the fiber. 

The arrangement of equipment for the coating process is shown in 

Figure 19. 

The deposition of the aquadag onto the fiber is mo.st effectively 

accomplished by holding the applicator in the worker's hands. Trembling 

of the fingers can be minimized by cupping the hands 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 aquadag 

drop down the length of the fiber, starting at the attached end. By 

means of the micromanipulator, bring the Pt wire in.to contact with 

the conducting coating to measure the resistance, and to locate non­

conducting regions. Continue to apply aquadag until the resistance of 

the fiber is 0. 2 M 0 to 2 M 0 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 quartz system should be 

moWlted 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 coated with aquadag to eliminate spurious 

electrostatic fields. 

Proper fiber coating techniques will result in pulsing lifetimes 

4 
in excess o f 10 pulses in an inert atmosphere. Using a wider fiber-

to-collector spacing. H. R. Anderson has obtained pulsing lifetimes 

in excess of 10
6 

pulses (69). 
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APPENDIX C. PREPARATION AND PURIFICATION OF BF 
3

• 

The boron trifluoride was obtained from Union Carbide Nuclear 

Company, Oak Ridge National Laboratory, Radioisotopes Sales Dept., 

P. o. Box F, Oak Ridge, Tennessee. 
10 

The natural abundance of B 

in boron is 19%. Oak Ridge National Laboratory supplies two isotopic 

ratios of B 
10 

to B 
11 

in the BF 
3

• In one, the B 
10 

concentration is 

. 11 10 
enriched to 96% (4o/. B ); in the other, the B concentration is depleted 

to 11~ (89% B 
11

). The BF 
3 

is chemically combined with CaF Z to form 

a BF 
3 

•CaF Z complex. The complex is a white powder and may be exposed 

to air. Approximately 6. 5 grams of BF 
3 

•CaF 
2 

are needed to obtain 

1 liter of BF 
3 

at S. T. P. The BF 
3 

is easily released by heating to 

temperatures above zso•c. BF 
3 

h an extremely useful compound, 

both industrially and i~ the laboratory. A large amount of literature 
•. . 

exists concerning its chemical and physical properties (89). 

Boron trifluoride is a colorless gas which hydrolyzes in ordinary 

air, producing a copious white smoke. It has a melting point of -121•c 

and a boiling point of -101•c. his thermally stable and is not changed 

by the pa.ssage 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 35o•c, and the reaction is relatively rapid 
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The reactivity of boron trifluoride with water and organic 

materials precludes the use of stopcock grease and rubber 0 -rings, 

stoppers, and gaskets. The reactivity o f BF 
3 

with silica at high tem ­

peratures eliminates glass as a construction material for the container 

in which the thermal decomposition of BF 
3 
·caF 

2 
takes place . Thus 

the p roper tie a of B F 
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 proces sing 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 syste·m 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 0-ring in the main valve to the 

pump station were removed, and were replaced by ones composed of 

teflon (teflo·n is a fully-fluorinated hydrocarbon). Other valves in the 

system were of an all-metal construction. Figure 20 depicts the 

proces sing system. The p ump station consisted of a thermocouple­

typ e 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 cons isted of a 

1 inch diameter manifold; to which were attached by copper tubing 

four cylinders: a cylinder for the thermal decomposition of B F • CaF 
3 2 

(Cyl. A), a CaF 
2 

settling tank, and two cylinders for vacuum distilla-

tion of the BF 
3 

{Cyl. B and Cyl. C). Also attached to the manifold 

were two press ure gauges {vacuum to 1 atm and vacuum to 3 atm), a 

filling line to the ionization chambers, a thermocouple-typ~ vacuum 

10 11 
gauge, two stora~~ ta~s for B F 3 and B F 

3
, an argon tank, and a 

sub- system for ~sposing of waste gases. 

The boron trifluoride was evolved from ZOO gram lots of 

BF 
3 

·ca.F 2• This quantity of BF 
3 

•CaF 
2 

should produce 30 liter s of 

B F 
3 

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

The BF 
3
·caF 

2 
powder was placed in a copper cylinder, which was 

.then brazed into the system. During the brazing process, the cylinder 

was immersed in a pan of water to prevent the BF 
3 

•CaF Z from ri sing 

above 10o•c. Using only the forepump, the cylinder was evacuated 
• 

ve:ry 8lowly to prevent scattering of the B F 
3 

·CaF 
2 

powder. This was 

accompli~;Jhed by opening the p ump station valve only a fraction of a 

tur,n. After :the cylinder was evacuated, the pump station valve was 

.tu~n.ad :to tbe fully open position and the B F 
3 
·CaF 

2 
powder was outgas s ed 

for 24 hou!'s. At the end of this period, the pressure wa s down to a f ew 

microns of mercury as determined by the thermocouple-typ e vacuum 
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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 temperature was regulated by a Fenwal Thermo­

switch and was monitored by a Weston Industrial Thermometer. The 

pressure rose to abollt SO microns, stabilized, and then slowly decreased. 

After 8 hours of outgassing at ao•c, the temperature was raised to 

11o•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 dec.ompoeition of the BF 
3 

"CaF 
2

• When 

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

closed, one •Oi the BF 
3 

storage tanks (500 ml stainless steel cylinder; 

maximu~ pressure: 1800 p. a. i.) was opened to the system, and the 

tempe'ratur.te of the storage tank was lowered to ·196•c. As the BF 
3 

evolved born the complex, it condensed and solidified in the storage 

tank. The Bs<
3 

continued to evolve for a period of 4 hours. At this 

time the oven was turned off, the BF 
3 

•CaF 
2 

cylinder and the CaF 
2 

settling ~k were isolated from the system by the pinching technique, 

the stora,ge tank valve was closed, the pump station valve was opened, 

and the. eltltire system was outgassed with a torch. 
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The storage tank valve was opened and the COildensed BF 
3 

wa s · 
,. 

pumped on. 
. .. -4 

When the indicated pressure dropped to l x 10 mm Hg, 

the storage tank valve was closed. The temperature of the storage tank 

was raised to room temperature and then lowered to -1a•c (the temper-

ature of a dry ice a nd acetone bath). The pump station valve was clos ed 

and the temperature of Cyl. B was lowered to -196•c. The BF 
3 

storage 

tank valve was slowly opened to allow the B F 
3 

to enter the system and 

condens e in Cyl. B . The storage tank valve was opened at such a rate 

tha t Z atm pressure waa maintained in the system. An abrupt decrease 

in pressure indicated that the transfer of most of the BF 
3 

wa s com-

plete, and the storage tank valve was closed. 

The remainder of the purification process consisted of a vacuum 

distillation procedure. The. condens ed BF 
3 

was pumped on i n one of 

the two c 1 linders (either Cyl. B or Cyl. C) until an indicated pressure 

-4 
of 1 x 10 mm Hg was obtained. T h en the B F 

3 
was transferred to 

the other cylinder to allow any occluded gases to escape. The tran s-

fer of the BF 
3 

was done at a s ystem pres sure of Z atm in a len gth of 

tim e oi about 10 minutes. It was found that transfer o f the ga s at low 

pres sures (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 pr assure that was difficult to control. 

After the transfer a n d vacuum distilla tion procedure had been c a rried 

out s evera l times, the s y s tem pres sure immediately a fter transfer but 
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prior to reopening the pump station valve was lees than 10 microns. 

Prior to the BF 
3 

processing . the ionization chambers to be 

filled were heated in an electric oven to 300• C, and were evacuated 

... s 
and outgaseed until an indicated pressure o£ 1 x 10 mm Hg was 

obtained. When the vacuum distillation procedure had been completed, 

the p ump station valve was closed. Then the condensed BF 
3 

was 

allowed to warm. The first portion of the released gas wa s discarded. 

Then the filling line to the ionization chambers was opened slightly. 

The rate of release o£ the BF 
3 

was adjusted so that the system pressure 

did not rise more than a factor of two above th~ final filling pressure 

for the chambers. The BF 
3 

pressure in the chanlbers wa s closely 

m onitored on an accurate pressure gauge {0-760 mm Hg; accuracy: 

+ 0. 51o) during the filling procedure. When the desired pressure was -
obtained. the filling line was closed 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: 

p ressure and temperature of the ionization chambers were recorded. 

The remaining condensed BF 
3 

in the system was transferred to the 

storage tank. 

Any gases to be discarded were condensed in the cylinder of 

the waste gas sub8ystem. These gases were allowed to slowly bubble 

through n-butyl ether in an Erlenmeyer flask. and then the subsystem 
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was flushed with argon. All of the BF 
3 

present in the waste gas would 

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 

10 7 
B (n.cv)Li reaction used to detect neutrons, the ionization chambers 

used in this experiment measure the density of slow neutrons (E' < 10 

keV). However, the measurement process perturbs the neutron flux 

. . 10 7 
(by absorbing the neutrons in the B (n, t.Y)Li 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 

dec;reasing 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 

R .... o. 3 A.-
a 

Ci t 

where R is the radius of the ~hamber, A. is the neutron scattering 
8 

length in air, and d is the probability that an incident neutron will be 

absorbed (93). The radius of the chamber is 13 em; A. has its minimum 
8 

value of ZZ meters at sea level; the maximum value for a is unity. 
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Thus. 

Therefore, the flux depression in the vicinity of the chamber may be 

neglected. It ia 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 

"self-shielding" (94), "self-absorption," or "self-protection" (95). 

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

defined as 

fa w 
Wi 

where W = neutron capture rate of the ionization chamber 

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

00 (X) 

Now W = J dE w{E) = .f dE I: {E) <P{E) 
0 0 

00 00 

and W' = J dE w '(E) • J dE I: '{E) q:(E) • 
0 0 

where tf:(E) is the neutron differential energy flux expressed in units 
of neutrons cm•Z sec -1 ev-1, 

I:( E) is the total cross section of the chamber expressed in 
units of cm2 • 

and I:'{E) is the total cross section of the chamber in the limit of 2 
the thin detector approximation expressed in units of em • 
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The ionization chamber is filled with BF 
3 

gas to a pressure of 

10 
380 mm Hg at o•c. T h e gas is enriched in the B isotope to a con-

centration of 96tfe. The chamber is a sphere of radius 13 em. 

10 7 
The cross section for the B (n. O')Li is 

cr(E) = 
(J ~ 

0 0 

/E 

where (J = 3813 barns and E c 0. Ol53 eV (Z4). 
0 0 

The V'alue for the self-shielding factor will depend upon the 

shape of the energy spectrum of the incident neutron nux. The energy 

spectrum to be applied to the calculation of the self•shielding factor is 

that obtained by Hess, Canfield. and Lingenfeltel" (4) in a multi-group 

diffusion computation using an experimentally determined neutron 

source spectrum ( 14). 

The maximum in the rteutron flux occurs at an energy of 0. 1 eV. 

Normalizing the results of the multi-group diffusion computation to a 

value of 

q:> ( E = 0. 1 e V) = 1. 
0 

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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tp (E) = Z7. Z E exp( -10 E) 
0 

c,p (E) c 0. 173 E-O. 90 
0 

E< O.z eV 

E > O. Z eV 

W ' can be calculated in a straight£orward manner. In the · 
0 

thin detector approximation, E'(E) is just equal to CJ(E) times the number 

10 
of B nuclei present in the chamber, 

~ '(E) = (0. 5}(0. 96) L V 
0 0 

a /E 
0 0 

/E 

. 19 
L = z. 687 x 10 (Loschmidt's number) 

0 
where 

and V = 9, Z03 cm3 • (Volume) 
0 

Integrating E '(E)~E) numerically from 0 to 0. Z eV and analytically 

from 0. Z eV to ex>, 

ro 1 
W ' = J dE "'(E)(JJ (E) = 99. 1 neutrons cap't sec .... 

0 ' 0 
0 

W must be ·obtained by integrating over the different path 
0 

lengths through the chamber. Since the chamber is spherical, the total 

cross section will be 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. 
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incident fluxt 

The fraction of the flux entering dS(9) which is absorbed is 

z.r cos e 
1-exl{-

0
X J 

1 
where X = - • mean absorption length 

n a 
0 

, 10 -3 
[n = number of B nuclei em = (0. 5) (0. 96) L ] • 

0 0 

Integrating over the sphere, the total cross section becomes: 

TT 
- 2.r cos e 

t:(X) = J 2. de r 
0 

cos 0 ZTT r 
0 

sin e [ 1 - exp{. 
0 

X ) J. 
0 

P erforming the integration, 

1 
Now -= ./E 

n a 
0 n a ./E 

0 0 0 

1 
Define C • 

0 
Z.r n a ./E 

0 0 0 0 

Then, 

-z.r 
0 

- Z.r 
• e X (1 + T >] } . 

c 4. 92.. 
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z { z z } :E{E) c TTr 1 + Z C ./E exp{-1/C /E) • ZC E + ZC E exp(-1/C ./E) • 
0 0 0 0 .. 0 0 

W (E) will be obtained by integrating :E{E)'.P (E) numerically from 0 to 
0 0 

0. z eV, and by integrating ~(E)o:p (E) analytically from 0. Z eV to ex>. 
0 

For the region from 0. 2. eV to oo; !:(E) can be placed in a form amen-

able to analytical integration by expanding 'S(E) in powers of (1/C ./E) 
0 

and neglecting terms of sufficiently high order. 

For integration from 0. Z eV to ex>, 

The first term faT >.:(E) in this expansion is just the total cross section 

i n the thin detector approximation. ' The other terms are the corrections • 
for the attenuation of the nux in passing through the chamber, ordered 

in increasing powers of (1/C /'E). 
0 

P erforming the integration over all energies, 

co 
w = I dE ~:(E)((! (E) = ss~ 0 neutrons ca..p't sec -l. 

0 . 0 
0 

Now that values for W 1 and W have been calculated, f can 
0 0 0 

be obtained (the subscript" " indicates that the energy spectrum of 
0 

Hess et al. was used). 

£ = 
0 

w 
0 

w' 0 

85.0 
1: - = o. 857. 99.1 
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The observed neutron density must be multiplleq by 

1/f = 1. 166 • 
0 

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

measuring instrument. The value of f = 0. 857 indicates that the 
0 

density of neutrons, averaged over the volume of the chamber, is 

depressed by 14o/o. 

Near the top of the atmosphere the energy spectrum of the 

neutrons will change, due to the outward diffusion past the atmospheric 

boWldary of a certain fraction of the neutrons. This will modify the 

ratio of W to W ', and will therefore change f • However, the 
0 0 0 

multi•group diffusion calculations of Hess, Canfield, and Lingenfelter 

indicate that the maximum in the energy spectrum for the nux of 

neutrons at the top of the atmosphere still occurs at 0. 1 eV, and the 

decrease in intensity falls off at higher energies with roughly the 

same power law dependence. Thus the value for f that has been ob· 
0 

tained here should be valid throughout the entire atmoaphe;e, and is 

applied as a correction factor to the data analysis of Chapter V. 

A similar calculation was performed for a chamber filled to 

twice the concentration of B 
1° F 

3
, corresponding to a BF 

3 
pressure of 

10 . 
1 atm at o•c, enriched to 96o/o in the B isotope. A value for £ of 

0 

0. 76 was obtained. 

• 



12.0 

APPENDIX E. 

BALLOON FLIGHT DATA 



Giant Rock Airport 
Yucca Valley, California 
November 15, 1961 

121 

FLIGHT NO. 1 

-3 -1 Ionization Current: I (Argon) in ion pairs em sec per atm of air 
P~essure Altitude: P (Mass of air overhead) in grams cm•Z 

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

p 1 ~Arson] 

17 lSO.z 
19 148.8 
Z1 152..8 
2.4 157.8 
2.7 163.5 
30 169.8 
34 172.. 8 
38 177. z 
43 181.7 
48 187.4 
54 188.9 
60 195.7 
66 199.5 
73 198.8 
81 198.8 
9Z 194.7 

105 189.5 
118 184. 6 
12.9 176 .2. 
142. 168.0 
154 160. 6 
169 149.5 
186 140.5 
Z09 12.5.1 
232 112..4 
2.45 103.8 
2.63 94.2. 
2.80 83.2. 
305 71.5 
338 59.5 
380 45.4 
42.1 35.9 



Giant Rock Airport 
Yucca Valley, California 
F ebruary 6, 1962 

• 

FLIGHT NO. 2 

Pressure Altitude: P (Mass of air overhead) in grams em 
Ionization Current: l(B 10F 

3
) in equivalent ion pairs 

10 
Ionization Chamber No. 321 (B F 

3 
at 682 mm Hg) 

Transmitter No. 54 
Barometer No. 79 

p I (B 
1
°F ) 

3 

30 210.8 
32 220.2 
35 231.9 
38 233.5 
42 242.5 
45 252.2 
so 258.8 
55 262.7 
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 ZlO.z 
224 180.6 
Z72 142.4 
33Z 109.7 

-2 



1~3 

FLIGHT NO. 2. (cont'd) 

P ressure Altitude: P (Mass of air overhead) in grams em ·2. 
Ionization Current: I (BllF 

3
) in equivalent ion pairs 

11 
Ionization Chamber No. 2.79 (B F 

3 
at 684 mm Hg) 

Transmitter No. 41 

p I (B 
11

F ) 
3 

30 175.6 
34 180.1 
39 188.6 
46 196.4 
56 2.03.3 
66 2.04.1 
78 2.06.6 
93 2.04.9 

110 2.00.4 
130 186.8 
155 172.. 6 
186 152..0 
2.35 117.9 
385 52..1 



Giant Rock Airport 
Yucca Valley, California 
February 6, 1962 

124 

FLIGH T NO. 3 

. 2 
Pressure Altitude~ P (Mass of air overhead) in grams em-
Ionization Current: 1 (BlOF 

3
) in equivalent lon pairs 

10 . 
lonizatlon Chamber No. 375 (B F 

3 
at 372 mm Hg) 

Transmitter No. 42 
Barometer No. 80 

p I(B lOF 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 
9Z · 348.6 

llZ 342. 1 
131 329.8 
155 310.1 
186 Z74. 7 
225 232.1 
303 155.2 
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II 

FLIGHT NO. 3 (cont'd) 

P ressure Altitude: P (Mass of air overhead) in grams em -z 
Ionization Current: 1 (B llF 

3
) in equivalent ion pairs 

11 
Ionization Chamber No. 347 (B F 

3 
at 368 mm Hg) 

Transmitter No. 36 

p I (B 
11

F ) 
3 

31 187. 0 
33 187.8 
36 189.0 
40 194.7 
47 196.8 
56 Z05. 6 
68 Z09.1 
8Z Z96. 6 
98 Z04 . 7 

1Z3 19S.z 
150 179.8 
190 lSO.z 
ZS3 108.1 



Giant Rock Airport 
Yucca Valley, California 
July 4, 1962 

12.6 

FLIGHT NO.4 

-z P ressure Altitude: P (Mass of air overhead) in grams em 
Ionization Current 1 (A,.-gon) in ion pairs cm•3 sec·l per atm of air 

Ionization Chamber No. 315 (8 atm of argon) 
Transmitter No. 7 3 
Barometer No. 82 

p 1 ~Arsonl p tlArsonl 

6 126.8 62 193.4 
6 126.5 64 197.9 
6 127.3 67 193.4 
6 129.8 70 197.4 
6 1Z9.5 73 196.0 
7 131.4 77 199.1 
7 139.3 80 196.8 
8 125.0 83 199.9 
9 130.6 87 197.2 

10 136.0 92 194.3 
10 137.4 96 196.2 
11 us. 6 102 191.4 
12 140.3 105 193.2 
13 141.5 111 191.9 
15 143.2 11 6 188.2 
16 144.3 122 184.2 
18 151.2 128 181.4 
20 154.0 135 173.2 
22 157.3 143 171.4 
24 162.9 151 167.2 
26 167.2 159 160.9 
29 169.8 1(>9 151.6 
32 176.2 179 147.2 
34 178.4 190 137.2 
38 179.3 203 130.5 
41 181.9 219 119. 6 
45 186.3 238 107. 4 
50 188.4 264 94.9 
54 191.2 295 78.1 
56 192.7 340 59.8 
59 192.7 414 39. 8 

639 1Z. 1 



Gia nt Rock Airport 
Yucca Valley, California 
July 5. 1962. 

12.7 

F LIGHT NO. 5 

P ressure Altitude: P (Mass of air overh ead) in grams e m 
I (B lOF 

3
) in equivalent ion pairs Ionization Current: 

Ionization Chamber No. 
Transmitter No. 53 
Barometer No. 96 

10 
2.53 (B F 

3 
at 380 mm H g) 

p 1 (B 
1
°F ) 

3 

6 154.2. 
7 162..2. 

10 174.4 
12. 183.8 
16 2.08.4 
2.0 2.2.3.2. 
2.5 2.48.9 
32. 2.68.1 
38 2.87.0 
4 6 ' 307.7 
55 32.7. 5 
66 342..2. 
78 347.1 
94 349.0 

114 337.4 
142. 317.0 
178 2.83.7 
2.68 180.3 

-2. 
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FLIGHT NO. 5 (cont'd) 

. -z 
Pressure Altitude: P (Mass of air overhead) in grams em 
Ionization Current: I (B11F 

3
) in equivalent ion pairs 

11 
Ionization Chamber No. 366 (B F 

3 
at 380 mm Hg) 

Transmitter No. 57 
Temperature monitored 

p 

6 
9 

13 
zo 
zs 
47 
80 

1ZO 
187 

140.9 
145.Z 
lSZ.Z 
163.7 

. 178.4 
196.z 
Z04.5 
191.5 
169.6 
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FLIGHT NO . 6 

Giant Rock Airport 
Yucca Valley, California 
July 6 , 1962 

-z P ressure Altitude: P (Mass of air overhead) in grams em 
Ionization Current: I (B 1° F 

3
) in equivalent ion pairs 

10 
Ionization Chamber No. Z71 (B F 

3 
at 380 mm Hg) 

Transmitter No. 40 
Barometer No. 101 

p I (B lOF 3) 

7 160.z 
9 175.1 

13 189.1 
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 
zoo 260.2 
287 169.1 



P r essure Altitude: 
Ionization Current: 

130 

FLI GHT NO . 6 (cont 'd) 

-z P (Mass of air overhead) in gr ams e m 
I (Argon) in ion pair s c m • 3 sec • l per atm of air 

Ionization Chamber No. 343 (8 a trn of a r gon) 
Tr ansmitter No. 56 

p 1 (Arson) p 1 ~Arson) 

4 131. 9 53 194 . 0 
5 1?..7 . 8 61 " 193. Z 
6 130. 0 65 195.8 
6 131. 1 70 198.3 
7 13Z. Z 75 Z00. 4 
8 134. 3 79 196. 6 
9 134.9 83 198.3 

10 136. 8 88 195. 0 
11 141 . 8 94 196. 2 
1Z 137. 0 100 19Z. 4 
13 143. 6 107 185. 8 
15 140. 4 113 185. 8 
16 lSZ. O 119 179. 0 
17 148. 6 1Z8 175. 8 
19 153. 0 137 173. 4 
Z1 158. 9 147 16Z.9 
Z4 160. 4 157 155.8 
Z6 164. 5 170 15Z. 9 
Z9 179. z 190 137.3 
31 17?... 0 ?..13 1?.. 1. 0 
34 17 5. 5 ?..31 111. 1 
37 181. 3 Z54 97. 4 
41 183. 5 Z78 83. Z 
45 188. 5 318 67 . 0 
48 190. ?.. 370 48. 0 

465 Z7. 6 



Giant Rock Airport 
Yucca Valley, California 
October Z2., 1962. 

131 

FLIGHT NO . 7 

P ressure Altitude: P (Mass of air overhead) in grams em - 2. 
Ionization Current: I (B lOF 

3
) in equivalent ion pairs 

10 
Ionization Chamber No. 309 (B F 

3 
at 380 mm Hg) 

Transmitter No. 141 
B arometer No. 102 

p I (B lOF 3) 

56 360.6 
66 356.6 
77 356. 4 
91 352..6 

111 345.3 
133 32.4.4 
161 301.0 
198 2.57. 5 
Z54 2.00.3 
369 106.8 

10 
Ionization Chamber No. 2.57 (B F 

3 
at 380 mm H g) 

High Sensitivity Electrometer Unit 
Transmitter No. 52. 

p 

No data. Transmitter failed. 



Giant Rock Airport 
Yucca Valley, California 
October 23, 1962 

13Z 

FLIGHT NO. 8 

. -2 
P ressure A1titudet P (Mass of air overh ead) in grams em 
Ionization Current I (B 1°F 

3
) in equivalent ion pairs 

10 
Ionization Chamber No. 379 (B F 

3 
at 380 mm Hg) 

Transmitter No. 142 
B arometer No. 105 

p 

6 
7 
9 

10 
13 
15 
18 
.21 
25 
30 
3 4 
38 
44 
49 
5 6 
64 
76 
90 

107 
127 
147 
182 
Z24 
2.78 
372. 

171. 7 
181.0 
188.4 
194.3 
2.09.5 
22.6.1 
2.45.9 
263.0 
285.5 
315.1 
358.2. 
424.2 
439.7 
456.2. 
397.3 
375.2 
361.1 
350.3 
342..8 
323.8 
302.. 6 
275.6 
22.6.4 
170.7 
10 1.9 
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FLlGHT NO. 8 (cont'd) 
10 

Ionization Chamber No. 318 (B F 3 at 380 mm Hg) 
High Sensitivity Electrometer Unit 

Transmitter No. 49 

P ressure Altitude: P (Mass of air overhead) in grams e m 
Time between ionization chamber pulses: 6t in m i n 

·2 

Ionization Chamber Calibration: K in min equivalent ion pairs 
Ionization Current: 1 (B lOF 3) in equivalent ion pairs 

p At K l(B 
1
° F l) 

760 8.150 86.8 10 
657 4. 791 86.8 18 
606 3.174 86.8 27 
568 z.. 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 6t I (B10F3~ K = lAt 
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 o. 762 109 83.1 
351 o. 740 113 83.6 
346 0. 685 116 79.5 
341 o. 702 120 84.2 
336 o. 711 123 87.4 
331 0. 701 127 89.0 
326 0.687 130 89.3 
318 o. 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 89.5 
z8o 0 . 545 169 92.1 
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FLIGHT NO. 8 (cont 'd) 

10 
Ionization Chamber No. 318 (B F 3 at 380 mm Hg) 

High Sensitivity Electrometer Unit 
Transmitter No. 49 

p 6t 
Calculated 

K =I At (B 10F3) 

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 o. 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 
81 0.320 357 114 . 2 
72 0.325 365 118.6 
63 0.332 376 124.8 
56 0~315 397 125.0 
so 0. 284 450 127.8 
47 o. 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 0.360 305 109.8 
25 0.372 288 107 .1 
22 0.385 274 lOS. 5 
20 0.374 258 96. 5 
18 0.383 246 94.2 
15 0.379 228 86.4 
15 0.380 225 85.5 
14 0.376 216 81.3 
13 0.382 214 81.7 
11 0 .359 201 72.2 
9 0.353 191 67.4 
9 0.346 188 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 



Giant Rock Airport 
Yucca Valley , California 
October 2.5 , 1962 

13 5 

FLIGH T NO. C) 

P ressure Altitude: P {Mass of air overhead) in grama em - 2 

I onization Current: 1 (B 11F 
3

) in equival ent i on pairs 

11 
I onization Chamber No. 286 {B F 

3 
at 380 mm Hg) 

Transmitter No . 143 
Barometer No. 108 

p 1 (B 
11

F ) 
3 

7 164. 2 
10 16 2. 1 
12 17 1. 6 
15 188. 2 
19 21 1. 7 
22 2.48. 9 
28 3 19. 6 
33 444. 1 
39 389. 2 
48 298.3 
64 246.6 
9 6 213 .9 

168 17Z. 7 
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F LJGHT NO. 9 (cont 'd) 
- z Pressure Altitude: P (Mass of air overhead) in gra ms e m 

Ionization Current: I (Argon) in i on pairs cm•3sec·1 per atm of air 

Ionization Chamber No. 404 (8 atm of a r gon) 
Transmitter No. 145 

p IiArson~ p l~Arson~ p l~Argon! p I{Arson! 

7 151.1 14 173.9 25 275. 4 40 376. 4 
7 153. 5 14 174. 7 25 27 1. 2 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 16 177 . 7 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 37 1. 8 48 302. 9 
9 152. 8 17 192. 6 30 368. 5 48 299. 3 
9 156.6 18 zoz. 6 31 370. 7 49 296 . 4 

10 156 . 4 18 198 . 7 31 389. 3 50 308. 2 
10 154. 1 18 2.01 . 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 4 12. 6 52 Z93 . G 
10 160 . 5 19 208 . 0 32 4 16. 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 33 454 . 9 56 2.67.7 
11 156. 8 zo 231. 7 34 481 . 4 57 248. 8 
11 163. 0 zo 223 . 4 34 477 . 7 58 260 . 9 
11 163 . 6 20 221. 0 34 515. 4 60 247 . 9 
11 165 . 6 20 227 . 5 34 52.1 . 8 61 245.9 
12 161. 7 21 230. 0 35 552. 0 62 Z41 . 6 
12 165. 2 21 229. 2 35 533. 0 64 235.7 
12 168. 8 21 239. 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 Z4 268. 2 39 390 . 6 85 231 . 3 
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FLIGHT NO. 9 {cont'd ) 

lmuzation Chamber No. 404 {8 atm of argon) 
Transmitter No. 145 

p I (Arson~ 
88 200 . 6 
90 223 . 8 
93 195. 3 
9 5 192. 0 
98 194. 7 

103 198 . 4 
105 196. 5 
108 187.3 
112 189. 9 
11 6 180. 5 
119 18~ .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 
zz8 114. 5 
240 103 . 2 
257 94. 5 

. 27-3 96.6 
290 79 . 7 
314 70.5 
345 55.4 
381 46 . 7 
434 33 . 5 
550 17 . 6 
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F IGU RES 
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Fig. 1: ARDC Model Atmosphere ( 1959). 

-~ The mas s of air overhead i n grams em i s plotted as 

a function of altitude . The curve corresponds to the 19.59 

ARDC Model Atmosphere as tabulated in the Handbook of 

Geoph y sics, Edited by the U. S . Air Force Cambridge Research 

Center , (The MacMillan Company, New York, 1960). 
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F i g . 3 : B alloon F ligh t T rain at L aunch. 

The flight uni t ;s (ins trumen t plus transr.{litter) a c'ld the 

parach ute are attach ed to the balloon by m eans of a 70 ft load 

line. T l-.e a dditional line from the balloon i s used to stabilize 

the flight train just prior to laWlch. 
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Fig. 3 
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F i g . "* ·: C:uartz F iber E lectrometer Unit of the Neher D e sign. 

An aquadag coate d quartz fiber periodica lly recharges 

the centr a l collector . T he time interval between the recharg ­

ing p ulse s i !:> a mea s ure of the ionization cur rent in the 

c harnber . 
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F ig. 5 : The Temp erature Monitoring Circuit U sed on 

F light No. 5. 

The pres sure sensing element n ormally present i n the 

trans m i tter unit (a variable resistance device: .::!0 M O to 

80 Mel ) was replaced by a thermistor circuit. The thermistors 

( 10 MQ VECO 71A5) are manufactured by Victory Engineering 

Corp ., S pringfield Ave., Springfield, N . J. 
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F ig. 9 : 
10 

Ionization Current o£ the B F 
3 

Ionization Chambers 

as a Function of P ressure A l titude. 

10 
I(B F 

3
) is defined a s the total current in an ionizatior1 

10 
c1,amber containing B F 

3 
enricred in the B i sotope to 9 6%. 

Tl' e current is measured i n units oi "equival ent ion pairs , •• 

as defined in C1--apter V . Tl1e data were obtained on F lights 

N os . 3, 5 , o, 7 , and 8 . The curve represents a s m ooth lit 

to the data . 
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Fig . 10 : 
11 

Ionization Current oi t!1 e B ? 
3 

Ionization Cha!"nber s 

a s a Func tion of 1?reesure Altitude . 

11 
I(B F 

3
) is defined as the total cur r ent in an i onization 

chamber containing B F-:. enriched in the B 
11 

isotop e to 89o/o . 
.;;1 

( The B 
1
°F 

3 
con centration is 11%. ) Tre current i s measured 

in units of 11equivalent ion pairs . 1 1 a s defined in Cha:c>ter V . 

T11e data were obtained on F lights Nos. 3, 5 . and 9 . Th e cur ve 

represents a smoot1' fit to the c.ta.ta . 
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Fig. 11 : Ionization Current at Low A ltitude. 

The individual data poi nts are displ ayed for the B 
1

° F 
3 

ion i3ation cl-,amber s and t,.., e argon chatnbers in th e pressure 

a ltitude range of 300 g em-~ to 80 0 g em- .::. . The data for 

I(B 
1

° F 
3

) are indicated by " o. I ! F or pressures greater than 

-~ 10 
400 g e rn • the data fo r I( B F ., ) were o btained with a high 

:;, 

sensitivity electrometer unit on ~"'light N o . 8 . T he data 

marked " fl" were obtain ed with arg on chambers o n F lights 

Nos . 1, 4 , and 9. The data mark ed " 'V " w ere obtained by 

R . A . Millikan, H . V. Neher, andS . K . Haynes r Phys . 

R ev. 1£• 99~ -998 ( 1936) ]. The curve s represe nt a smooth 

fit to the data . 
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F ig. 13 : Ionization in the Atmosphere on O ct. 2.5, 196~ 

Due to B omb Tes t Debris. 

The individual points r e present the data obtained on 

?light No. 9 (Oc t . ~5. l 96G) wit1" an ionization c h a mber fill ed 

with ar go n . The s olid curve represents the ionization due t o 

the ioni z ing c omponent of c osmic - rays as d eter1·n i ned on 

Fligl1ts N o s . 1 and 4. The rapid increas e i n ionization above 

a pre s sure a lti tude of 100 g e m ... .::; (53, 000 ft) was a l so 

observed on Flights Nos . 7 and 8 ea rlier in th e same week. 

This increase in ionization is due to r adioactive materials 

injected into the stratosphere by the detonation of th e rmo ­

nuclear devices during the preceding m onths . 
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Fig . 14 : Cosmic -Ray Neutron Density in th e Atmosphere as 

Determined by H ess , et a l. , and by Lingenfelter. 

Hess , et a.l. ( 4, 14) measured the neutron energy spec -

tru.-..:1 in the winter of 1956 - 1957 with detectors installed in a 

B - 3 6 airpl ane , up to a p ressure a l titude of GOO gem-~. T h ey 

assum ed that the measured height dependence of the neutr on 

' 
source of exp( -x g e m -"' /155) could be extended up to the top 

of the atmosphere . A multi - group diffusion analysis was then 

-~ used to generate the neutror1 energy spectrum irom ~00 g e rn 

up to the top of the atmosphere. Lingenfelter {17) haG shown 

that t1~ e exponential assumption extended to the top of the 

atmoophere is i mproper , and that a n"laximum i n the neutron 

s ource actually occurs at a pressure altitude of 100 g em 
- ::. 

for geomagnetic latitudes b elow ss•. 
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LINGENFELTER 

' THIS THESIS 

ABSOLUTE ERROR I 
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MASS OF AIR OVERHEAD IN GRAMS CM-2 

Figo 14 
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P i g . 15: Cosmic -Ray N e u tron D e nsity in the Atmouphere 

as Determined by the New Y ork University 

Cos m ic -Ray G roup (Soberrnan). 

The data pr e s ented here rep resent ? lights No s . 6 6 

and 67 (August 1954 at). = 55°:N) of the New Y ork University 
m. 

C o smic-R a y Group (Sober m an; R ef . 3). A time correction 

of 0, 9 6 was applied to the data . Th e latitude correction was 

a function of pre3sure altitude and ranged fron1 o. 40 at 0 g 

-~ - l e m to 0 . 81 at 6 80 gem • 



168 

--THIS THESIS 
0 NYU FLIGHTS 66 AND 67 

106 

~ 

I~ 
u 
(/) 

z 
0 
a:: 
I-
::::> 
w Q z 
z Q 

>-
I-
(/) 

z 
w 
0 

z 10-7 

22 0 
a:: 
I-
::::> 
w 
z 

SYSTEMATIC ERROR I 

0 100 200 200 400 500 

MASS OF AIR OVERHEAD IN GRAMS CM-2 

Fig. 15 



169 

F i g . 16 : Cosmic - Ray N eutron D ensity i n th e A t<nosphere 

a s Determ ined by t'he N ew Y ork Univer s i ty 

Cosm ic-R ay Group (Haym e s ). 

The data p resented h ere rep r e s ents F lights Nos . 91 

and 93 (S e p tem b e r 1958 at>.. = 41 . N) oi th e :Ne w Y o r k Uni ­
rn 

ver s i ty C osm i c-R ay Group (Haym e s ; R ef . 38 ). A tim e 

correction of 1 . C:l. wa s a pplied to th e d a ta . 
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T'be Densit y of Cosmic -Ray Neutrons in the 

A tmosphere as Detel"tTlh~ed by L . C . L . Y uan . 

The data pr e s ented h ere rep re s e nt the Janua ry 19Lk9 

i:light oiL . C. L. Y uan ( !G). Two iden tica l propo:rtiona1 

counter s fill ed with BF.., enriched to 96% in the B 
10 

isotop e 
~ 

were s ent aloft at a geomagnetic latitude of 51 ° N . O ne counter 

was shi elded with 0. 0 3 0 inch of cadm ium , and the other 

enclos ed in tin of tl"~e s a me thicknc.::!ss. The val ues of L . C . L . 

Yuan were multiplied by 1. 8 3 to correct for the cadmium 

a b sor ption. The time c orrection was 1 . 13; the geomagn etic 
,. 

correction varied from 0 . 54 at 0 g e m - ._ t o 0 . 8.::. a t 680 g 

.... 
em 
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F ig. 18: S c hematic of the Ion ization Chamber and A ssociated 

E lectr ica l Circuits. 

Component Function Typical 
Value 

cb B locking C apacitor of the 0 . 001 ~f 
Recharging Circuit 

c C ollector to Spherical Shell 3 pf 
c 

Capacitance 

c Distributed Capacitance of tne 10 pf 
e 

E l ectrom eter Unit 

c .. Fiber to Collector Capacitance << c 
I 

of the Electrom eter Unit 
c 

c . 
1 

Input Capacitance of the Amplifier 10 pf 

c Distributed Capacitance of the 10 pf 
r 

R echarging Circuit 

R f Re s i s tance of the Recharging O. t. - .:::. M O 
F iber 

R 
i 

Input Res i3tanc e of the Amplifier 1 M .• <1 

R Resistor of the Recharging Circuit 1 MO 
r 
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Fig. 19: Fiber Geometry for the Electrometer Unit of 

the Neher Design . 

The upper drawing shows the attachmen t geometry 

of the fiber . The lower d rawing shows the arrangement of 

equipment for the a quadag coati-ng process of the quartz 

fiber . 
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