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ABSTRACT 

The cosmic-ray neutron energy spectrum in the equilibrium region of 

the atmosphere has been measured with several different calibrated detectors 

from thermal energies to about l Bev at 44 ° north magnetic latitude and up to 

40, 000 feeL By combination of the data from these measurements with those 

from other experiments, a complete differential energy spectrum is obtained 

which shows the characteristic maximum near thermal energies and a roughly 

1/E variation up to about 100 kev. The presence of a second maximum in the 

spectrum near r Mev is attributed to the evaporation neutrons from stars, and 
-1 4 

above this energy up to 800 Mev the spectrum falls off as E · . 
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* THE COSMIC-RAY NEUTRON ENERGY SPECTRUM 

Wilmot N. Hess, H. Wade Patterson, Roger Wallace, and Edward L. Chuppt 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

February 6, 1959 

INTRODUCTION 

The cosmic-ray neutrons found in the earth's .atmosphere are essen

tially all generated by interactions of the primary and secondary cosmic 

rays with the nitrogen and oxygen of the air. The primary cosmic rays 
1 

are made up of about 85o/o protons, 13o/o alpha particles, and 2o/o particles of 

Z ~ 2, and there is no evidence at this time indicating any appreciable flux 

of neutrons in the primary radiation. Because of the short neutron half 

life (- 12 min) it is unlikely that a significant number of neutrons could reach 

the earth from regions more distant than the sun. 

The neutrons in the range 10 Mev to 1 Bev are generated by direct 

processes such as penetrating showers, nuclear stars, or charge~exchange 

events, while in the 1-Mev region most neutrons come from the nuclear 

evaporation process. The neutrons in this region of the spectrum are 

moderated by inelastic and elastic collisions with nitrogen and oxygen nuclei 

and are eventually captured by the N
14

(n, p)C 
14 

reaction or by other inelastic 

events. A f~w of the neutrons escape from the top of the atmosphere and 

eventually decay to protons. These albedo neutrons contribute to the cosmic 

radiation belt
2 

observed by U.S. and U.S.S.R. satellites. 

A study of the broad cosmic~ray neutron energy spectrum might shed 

light on related geophysical or geochemical problems, such as the C 
14 

dating 

t 
Work done under the auspices of the U. S. Atomic Energy Commission. 

Present address, Pilotless Aircraft Division, Boeing Airplane Company, 

Seattle, Washington. 
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process. Also an accurate determination of the spectrum could serve to veri

fy the predictions of nuclear cascade theories for the atmosphere. 

The present experiment was carried out over a period of two and a half 

years, beginning in the summer of 1956 at the 10, 000-foot White Mountain 

Laboratory of the University of California near Bishop, California.; lliring 

the winter of 1956-57 measurements were made at various altitudes up to 

40, 000 feet on nine flights in a B-36 bomber operating out of Kirtland Air 

Force Base in Albuquerque, New Mexico; and during the last year the detec

tors have been operated at sea level at the Engineering Field Station of the 

University of California and have been calibrated at the Lawrence Radiation 

Laboratory by use of a variety of standard neutron sources and the 184-inch 

synchrocyclotron in Berkeley. Also in the summer of 1958 a gold foil detec

tor was exposed at the sumil1.it laboratory on White Mountain at 14, 000 feet 

and later calibrated with the water-boiler reactor (WBNS) at the Lawrence 

Radiation Laboratory in Livermore, California. 

DETECTORS 

During the past ten years the Health Physics Group at the Lawrence 

Radiation Laboratory, under the direction of Professor Burton J. Moyer, 

has developed a series of instruments for measuring neutron fluxes in 

different energy regions. These instruments have been used primarily to 

measure stray radiation fields near accelerators, and could be adapted for 

study of cosmic -ray-produced neutrons. The neutron detectors that were 

used in this experiment are discussed below. 

Bismuth-Fission Ionization Chambers 

Th B .Z09 1 d f'. 'f kb e 1 nuc eus un ergoes 1ss1on 1 struc y neutrons or protons 

of energy E >50 Mev. Accordingly a high-threshold nucleon counter can be 

built in which the fis sian fragments are counted in an ionization chamber. 
2 

A chamber has been built which has 63 g of Bi deposited in layers of l mg/cm 

thickness on parallel Al plates. These plates are connected to one another 

in such a way that they act as the capacitors in a lumped-constant trans

mission line and minimize the over -all capacity as seen by any one plate. 
3 

The chamber is filled with 95% argon and 5o/o C02 . In order to distinguish 

between events originating in the Bi itself and events originating in other 

chamber materials, an identical counter was made with no Bi on the plates; 

the difference between the counting rates of the two chambers is the effect 
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of the Bi alone. This counter is also sensitive to mesons. The measured 

response to 'i rays is small. A blanket of G-M tubes around the chamber 

permits the charged-particle -induced fissions to be separated from the 

neutral-particle-induced fissions,while the '{-ray component can be separated 

-;; by running a Pb absorption curve. Shower events can be eliminated by study 

of the shapes of the photographically recorded chamber pulses. The Tr-meson 

cosmic-ray flux is small enough to be neglected. The ~J.-meson flux is not 

small, but the cross section for ~J.-induced fission of Bi is very small, so that, 

this reaction can be neglected. In this way the effect of the neutrons alone 

can be determined. The response of the chambers to the large Bi
209 

fission 

pulses (- 80 Mev per fission) was insured by calibrating the chamber pulse 

height with a Cf
252 

spontaneous fission source (-100 Mev per fission). 

CH
2

- Lined Proportional Counter 

An argon-and-C0
2 

proportional counter has also been developed in 

which the recoil protons from neutrons hitting a polyethylene lining in the 

counter are counted. 
4 

For a 1/8 -inch-thick polyethylene lining the efficiency 

of the chamber is nearly proportional to energy for neutrons from about 

50 kev to about 20 Mev. Because of this, this counter actually records 

energy flux instead of the usual particle flux, and for this counter one count 
2 

at zero bias corresponds to about 15 Mev/cm of neutrons through the cham-

ber. The efficiency of this chamber has been calculated and checked by 

placing the counter in neutron beams of known energies and fluxes. This 

chamber also counts protons and electrons, but the electron pulses are 

generally small enough to be separated out by pulse-height rejection. The 

effect of protons was accounted for by placing this counter under the blanket 

of G-M tubes used for the Bi chamber. 

BF 3 Counter and Paraffin Jackets 

A BF 
3 

proportional counter counts neutrons by the reaction B 
1 0

(n, a)Li 
7

, 

and gives a uniform pulse height for neutrons in the thermp.l energy region. 

Since the cross section is proportional to 1/v, the counter responds pri

marily to thermal neutrons. If a cadmium cover is used, the thermal neu

trons are absorbed and only the neutrons of E > 0. 4 volt are counted; how

ever, if paraffin is placed around the chamber and a cadmium cover placed 

outside this, then the energy dependence is changed, since the paraffin 



-6- UCRL-8628 

thermalizes higher-energy neutrons and makes mort of them count in the 

BF 
3 

counter. This counter has the advantage that/can be set to accept only 

the large ionization pulses (~ 4 Mev) from the alpha particle and Li 
7

, and to 

not count protons or '( rays. 

Gold-Foil Resonance Detector 

The cross section for gold has a resonance at 4. 9 ev for capturing 

neutrons, and the product nucleus Au 
198 

decays with a haif life of 2. 7 days 

by emitting a f3 particle which is followed by emission of a strong (99%) 412-kev 

gamma ray from the first excited level of Hg 198 . Since this gamma ray can 

be easily detected by a Nal pulse -height-analyzer spectrometer, a neutron 

detector can be constructed that is essentially sensitive only to resonance 

neutrons. 

An array of 0. 0005-in. gold foils covering a 20 X 20-in. area was used 

as the detector. The top and bottom of this array were covered with cadmium 

to prevent thermal neutrons from being captured by the gold. A 3-in. layer 

of CH2 was placed under the detector to minimize albedo effects from neu

trons of energy up to several Mev reflected from the earth. The gold foils 

were exposed to cosmic-ray neutrons at an altitude of 14, 000 feet for 10 

days, removed fromthe assembly, stacked on top of one another, and 

counted by a Nal scintillation spectrometer 3 in. in diameter and 3 in. long. 

Simpson Pile 

A Simpson pile 
5 

was made to monitor the intensity of the star -forming 

radiation. This consisted of a pair of BF 
3 

counters mounted inside the 

flanges of a lead "I" beam covered by several inches of paraffin. The data 

from this instrument were not used in deducing the cosmic -ray neutron 

energy spectrum, since the efficiency and energy response of the device 

are not accurately known; it was used primarily as a relative monitor to 

compare different sets of measurements and to insure that there had been 

no time variations of the primary radiation. Simpson has shown that the 

neutrons in the equilibrium region of the atmosphere are produced pri

marily by the lower -energy primary radiation, 
6 

and because of their low 

momenta these primaries are more subject to perturbations of any magne

tic and electric fields in space. Since the neutron measurements described 

here were carried out at several different latitudes and altitudes, this 

monitoring was important. 
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COLLECTION OF DATA 

In the summer of 1956 all the detectors were taken to an elevation of 

10~ 500 feet at the Crooked Creek Laboratory on White Mountain operated by 

the University of California; Professor Nello Pace, Director. The equip

ment was mounted in a trailer and power was supplied by a motor generator 

set. The equipment ran 24 hours a day for 2 months with no serious troubles. 

The counting rates of all the detectors were measured accurately and checks 

made of reliability and consistency. A block diagram of the electronics used 

is shown in Fig. 1. 

The data from the Bi fission counter were recorded photographically 

from an oscilloscope trace as well as by a scaler. The counting rate was 

low enough that real pulses had to be visually identified so as to eliminate 

noise pulses(such as motor sparking). The data from the G-M counters were 

also presented on the film so that one could tell whether a charged or a'neutral 

particle had induced the fission event and from what direction the particles 

had come. Data from the other counters were taken by scalers. 

Each day the following checks were made on the apparatus: 

L A pulse -height spectrum of the Cf
252 

spontaneous fission source was 

taken on film and on the scaler. This checked the over-all gain and opera

tion of the Bi fission system. The gain of the linear amplifier was changed 

to keep the total gain constant. Changes of more than 1 db were infrequent. 

2. The oscilloscope was calibrated with a stable pulse generator. 

3. The discrimination levels of the discriminators and scalers recording 

the Bi fission data were checked. 

4. The counting rate of the CH
2 

-lined proportional counter was checked 

with a Ra-Be neutron source. This checks the gain of the system, since 

the counting rate is a quite sensitive function of the gain. 

5. The counting rate of each group of G-M tubes covering the Bi fission 

counter was determined, and individual tubes were checked to see that they 

appeared to count normally. 

6. The Simpson pile counting rate for a. Ra-Be neutron source was measured. 

No changes of more than 1% were ever seen for the Simpson pile, either in 

calibration or in day-to-day use other than those correlated with barometric 

pressure changes. 
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7. The BF
3 

counter with CH
2 

covers of different thicknesses was calibrated 

daily with the Ra-Be neutron source. 

Small changes in counting rate were observed at White Mountain in 

several detectors which were correlated with pressure changes. The changes 

were not corrected for, since they were small and tended to average out with 

time. 

During the Fall of 1956 the equipment used at White Mountain was taken 

to Kirtland Air Force Base in Albuquerque, New Mexico, and installed in 

the aft compartment of a B-36 bomber. Certain precautions were taken to 

avoid spurious counts arising in the plane: {a) All the electronics equip

ment and all the counters (except the Simpson pile) were shock-mounted to 

minimize vibration problems, and (b) various power fittings were changed 

to prevent arcing at low pressures. During flight, 400 -cycle current was 

used (with no modification to the 60-cycle equipment). We found that when 

we were changing altitude rapidly, we encountered problems with noise in 

the electronics which may be due to var1ation in the earth's electric field 

with altitude. During level flight noise problems were rarely noticed and all 

equipment functioned properly. Calibrations of all counters were made 1n 

flight and found to agree with .data taken on the ground. Figure 2 shows 

routes of the different flights. 

Several checks were made to see that the counting rates of our detec

tors were not functions of the local environment. For example, the counting 

rate of a bare BF 
3 

counter might depend on the amount of gasoline in the 

tanks of the plane. We looked for and found no significant effects of this 

kind. 

CALIBRATION OF THE COUNTERS 

In order to determine the energy spectrum of the cosmic-ray neutrons 

one must know the absolute energy sensitivities of the several counters and 

in order to measure these, we placed the counters in various neutron beams 

of known energy and flux and measured the counting rates. The different 

neutron sources used with the counters, and their characteristics, are 

summarized in Table I. The results of this calibration procedure for the 

polyethylene-lined proportional counter is shown in Fig. 3 (Curve A), which 

indicates the efficiency of the counter increasing linearly with energy from 

300 kev to about 15 Mev. This curve demonstrates that the proportion~~ 1 

... 



Type of Source 

Sb - y - Be 

Po - a - Li 

Mock fission 

Po - a - Be 

D-T 

184-inch cyclotron 

neutron beam 
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Table L Neutron sources 

Average Neutron Energy 

25 kev 

a 
400 kev 

a 
4. 4 Mev 

14. 5 Mev 
(Monoenergetic) 

220 Mev 

Counter calibrated 

BF 3 + various 
of paraffin, 
Proportional 

thicknesses 

counter 

BF 3 + various thicknesses 
of paraffin, 
Proportional counter 

BFC~ +various thicknesses 
or paraffin, 
Proportional counter 

BF3 +various thicknesses 
o:I paraffin, 
Proportional counter 

BF_1 + various thicknesses 
o:I paraffin, 
Proportional counter 

Bi fission counter 

a 8 
For neutron energy spectra of a, n sources see Hess. 
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counter is in effect an energy-flux counter, and not a particle-flux counter. 

The efficiency of the bare BF 
3 

counter was calculated from the known 

thermal B
10 

(n, 01.)Li7 cross section and the volume and pressure of the counter. 

Following the notation of Yuan, 
7 

we calculated the effective area of the bare 

counter that we used as 2. 6 cm
2 

for thermal neutrons. By calculating the 

efficiency of the counter used by Yuan one obtains an effective area of 5. l cm
2 

compared with 5. l ± .6 cm
2 

obtained by Yuan when calibrating his counter in 

a reactor thermal-neutron beam. The calculation is probably more accurate 

than the calibration experiment. 

The efficiency of the BF 
3 

counter with a cadmium cover can be obtained 

from the efficiency of the bare counter and the known cross section for 

cadmium. From the efficiency curves for the BF 
3 

counter with various thick

nesses of paraffin covers (shown in Fig. 4} obtained by using a Po-Be neu

tron source for different angles e of the counter axis with respect to the 

source, one obtains the energy sensitivities, averaged over e to represent 

an isotropic neutron flux, shown in Fig. 3 for different thicknesses of paraf

fin. 

The Bi fission chamber has been calibrated in the neutron beam from 

the 184-inch cyclotron. The Bi fission chamber was placed in the neutral

particle beam of the 6. 2-Bev Bevatron and the attenuation mean free path i!l 
concrete and lead was found, within the accuracy of the measurement, to be 

the same as that for cosmic-ray neutrons in air. The cross section for Bi 

fission is known quite well up to 340 Mev, 9 Only the cross section would be 

needed to indicate the energy sensitivity if all the bismuth were effective in 

making counts in the chamber, but the.bismufh layer is nominally l mg/cm
2 

thick, which is an appreciable fraction of a fission-fragment range. There-· 

fore the counter must be calibrated in a known flux to determine the fraction 

of the bismuth that is effective. The efficiency of different thicknesses of 

Bi has recently been studied, 
10 

and it has been found that the Bi in this 

counter should be 9 0 o/o efficient. The efficiency calculated from this and 

from the known Bi fission cross section and the known volume of Bi in the 

counter is shown in Fig. 5. The experimental point obtained at 200 Mev 

is also shown and the agreement is seen to be good . The no-bismuth counter 

was also exposed to the cyclotron neutron beam and it showed no large counts; 

however, there were some smaller counts which could be explained by spalla

tion. All the events having reasonably large pulse heights are therefore 

L 

... 
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assumed to be from Bi fission. Typical pulse-height spectra for the no-Bi 

and Bi-coated chambers when exposed to the cosmic-ray flux are shown in 

Fig. 6. Also shown is a normalized pulse-height spectrum from a thin Cf
252 

spontaneous -fis sian source used for checking the over -all performance of the 

system. 

The gold foil detector was calibrated at the water boiler reactor at the 

Livermore Laboratory. This detector was activated in a beam that was at 

the same time calibrated by using other thin, calibrated, Cd-covered gold 

foils, which were later counted. From the activity of the calibration foils 

the value of k in the expression cp (E) = ~ was obtained. From the activity 

of the detector gold foils we get the efficiency, defined as the number of 
198 

Au decays per unit of neutron flux incident on the detector. The estimated 
' relative error in the value of k from this calibration is -30% and is due 

almost entirely to the uncertainty in the extrapolated value of the cadmium 

ratio for a foil of zero thickness. 

DETERMINATION OF THE COSMIC-RAY NEUTRON ENERGY SPECTRUM 

F ROM THE EXPERIMENTAL DATA 

The neutron energy spectrum calculated from the data presented here 

is shown in Fig. 7. It is convenient to consider the spectrum as made up of 

three energy regions: 

Region 1--from thermal energies to 50 kev,. 

Region 2- -from 50 kev to 1 Mev, 

Region 3- -from 1 Mev up. 

The experime~tal data that aid in calculating the spectrum in. Region 1 con

sist, of: 

( ) h 14 d . h h ll a T e C -pro uchon rate in t e atmosp ere. 

(b) The counting rate of a bare BF 3 counter, with and without 

a cadmium cover, .measured by Yuan? by Simpson, 
5 

and 

in this experiment. 

(c) The counting rate of cadmium-covered gold foils exposed 

to cosmic rays, which gives the flux at 4. 9 ev. 



-12- UCRL-8628 

Other resonance detectors could be used to establish more clearly the 

low-energy end of the spectrum, but one difficulty with these measurements 

is that they should be carried out some distance above the earth so that the 

neutron-energy spE:!ctrum would not be influenced by the presence of materials 

other than oxygen and nitrogen. 

The Shape of the Spectrum in Region l 

The spectral shape in the low-energy region is determined from two 

considerations; first, from 10 kev down to about l ev, the spectrum has 

roughly a 1/E energy dependence. This is a straightforward result of neutron 

slowing-down theory, and applies for any mixture of moderating materials 

provided that the energy region under consideration is sufficiently below the 

energy at which the neutrons are produced and also that there is no absorption 

taking place. 
12 

For an infinite nonabsorbing mediu~ if the scattering cross .. 

section is independent of energy the spectrum goes exactly as 1/E, but when 

fast-neutron leakage or absorption occurs or if there is an energy-dependent 

cross section then the spectrum is modified and the spectrum energy depen

dence is given approximately by 1/Ea. An estimate of the effect of leakage 

of neutrons out of the atmosphere shows that it will not contribute to make 

a deviate from l except quite near. the top of the atmosphere. Calculations of 

absorption show that the (n,y) process contributes slightly even at 50 kev, 

but the energy dependence of the cross section is the major factor in making 

"' (·E) ~ l/E
0

. 88 . h' . h d f l 0 k "' ~ T 1s 1s t e energy depen ence shown rom ev to 5 ev 

in Fig. 7. Above 50kev one approaches the energy at which evaporation 

neutrons are produced (-1 Mev) and therefore the 1/E spectrum is modified 

by the source spectrum. In the l-ev region, neutron absorption by nitrogen 

is an important process, and the shape of the energy spectrum depends upon 

the details of the absorption process, which competes with thermalization 

of the neutrons. This problem was first considered by Be the, Korff, and 
13 

Placzek, who worked out the resonance -escape probability for a 1/v absorp-

tion by nitrogen and obtained the low-energy spectrum shown in Fig. 8 (Curve B). 

Modifications of this same treatment have been made by Fermi 
14 

(Curve C on 

Fig. 8) and also by Freese and Meyer 15 (Curve Don Fig. 8). This ;:same subject 

is discussed by Pool, Nelkin, and Stone, 
16 

who give a more exact treatment. 

Their results are shown as Curve A in Fig. 8. Davis has also worked on this 
17 

problem. As one can see by inspection of Fig. 8, the various theoretical 
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analyses do not differ radically, and it is hard to distinguish between them 

experimentally. One possible method of differentiating them would require 

accurate measurements of the cadmium ratio, that is,· the counting rate of a 

BF 
3 

counter without the cadmium counter divided by the counting rate of a 

BF 3 counter with a cadmium cover. Unfortunately this is not very sensitive 

to the rather small difference in the spectrum shown in Fig. 8; for example, 

all the spectra shown give cadmium ratios of about 2. 2:1. Another way of 

distinguishing the spectra would involve activation of different material having 

resonances in regions where the spectra are different. Because the treatment 

by Pool, Nelkin, and Stone seems to be the most exact, it was used for the 

low-energy spectral shape, thus permitting the determination of the absolute 

differential energy spectrum N(E), in Region l from the counting rates of the 

different detectors. The counting rate of a detector is given by 

C. = r N(E) ~-(E) dE, 
1 ~ 1 

where Ci = counts/sec, N(E) = neutrons/cm
2
"'sec-·Mev, ~i(E) = counts/neutrons.lcm

2
. 

Knowing the detector efficiency, ~(E), absolutely, and the shape of the differen-

tial energy spectrum, one can obtain the absolute value of N(E) by d~ing a series 

of numerical integrations to get a value C. in agreement with the data. The 
1 

largest uncertainty in the spectrum obtained in this manner is the choice of a 

particular spectrum shape. 

Region 2--from 10 kev to 1 Mev 

The detector that gives useful information in this energy interval is a 

BF 3 counter used with several different thicknesses of paraffin coverings. 

As more paraffin is added around the BF 
3 

counter, higher -energy neutrons 

are detected. The counting rates for a series of paraffin covers on a BF 3 
counter were measured at White Mountain and at airplane altitudes, and a 

family of these paraffin build-up curves is shown in Fig. 9. The spectrum m 

the region from 10 kev to l Mev is calculated from these counting rates by 

use of the equation above. The energy dependence of the spectrum is not 

known in this region, but the average height of the spectrum in the energy 

region of the BF 3 counter with one particular thickness of CH2 jacket can be 

calculated from the integral. Then by comparison of the results of this 

process for the counter with different thicknesses of CH
2 

the spectrum energy 
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dependence is obtained roughly. An iteration process yields the spectrum 

accurately. It turns out that the 1/E spectral shape cannot be used in this 

energy region because it would give too high counting rates for the thick 

CH
2 

covers. The shape of this portion of the spectrum shown in Fig. 7 is 

fairly unique. An experiment has been performed by Gross using 190-Mev 

protons incident on carbon nuclei and the resulting evaporation-neutron spec

trum has been measured. 
18 

Since this experiment should give results quite 

comparable to those obtained from high-energy cosmic-ray nucleons inci:.. 

dent on nitrogen or oxygen nuclei, the shape of this spectrum has been used 

to obtain the shape of the peak at 500 kev shown in Fig. 7. The height of 

the spectrum at 50 kev was determined not only from the data from the BF 
3 

counter plus paraffin covers, but also from the fact that the spectral height 

below 50 kev had already been determined (as discussed earlier under Region 

1 ). The height at 50 kev from the analysis of the data for BF 3 plus paraffin 

in Region 2 was made to agree with these lower-energy data. 

We believe that the spectrum shown in Fig. 7 is accurate to about ± 25% 

at all energies, with the exception of the region below .04 ev. Differences 

of a factor of 2 or more in the very low energy end of the spectrum are seen 

in the different theoretical spectra shown in Fig. 8 and there is no experimen.

tal information on which to base a seiection of any one of these. 

Region 3- -from 1 Mev Up 

The experimental data that enable one to calculate the spectrum in this 

region consist of: 

{a) The abundance of cosmic -ray neutron-induced stars in photographic 

emulsions. 

(b) The counting rate of the large bismuth fission ionization chamber. 

{c} The counting rate of the polyethylene-lined proportional counter. 
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The energy intervals in which these detectors are important are shown 

in Fig. 10. Actually what is plotted in Fig. 10 is the product of the efficiency 

~(E) of the detector times the height of the neutron spectrum N(E). The inte

grals under these curves gives the counting rates for these detectors. (The 

curves were terminated at the low-energy end when 98o/o of the counting rate 

had been included under the curve.) By inspection of the curves one can. see 

that the nuclear emulsions and the bismuth fission chamber give information 

about neutrons with the energy interval roughly l 00 to 500 Mev. The poly

ethylene-lined proportional counter gives information from about 100 kev to 

about l 0 Mev. The shape of the spectrum in Region 3 is calculated by taking 

the counting rates of these detectors and--by the same trial-and-error proce

dure as described for Region 2- -finding that shape of the curve which gives 

all the counting rates to within lOo/o. 

The shape of the composite spectrum shown in Fig. 7 appears quite 

reasonable and as a comparison an approximate spectrum from a nuclear 

reactor 19 is shown in Fig. 11, which shows a peak at about l Mev due to the 

production of neutrons by the fission process. From about 10 kev down to 

about l ev the spectrum in Fig. 11 has a 1/E shape. The peak below 1 ev 

is the thermal neutron group. In the atmosphere cosmic-ray neutrons cannot 

show the thermal group seen in Fig. 11 because nitrogen is a better slow

neutron absorber than reactor materials. Also in cosmic rays there are 

present a considerable number of neutrons of energies higher than from the 

fission spectrum. Aside from these points the cosmic-ray spectrum shown 

in Fig. 7 is quite similar to the reactor spectrum in Fig. 11. 

The spectrum shown in Fig. 7 is for 200, 700, and 1030 g/cm
2 

atmospheric depth and for a geomagnetic latitue
20 

of 44° north. Data 
0 

taken at other latitudes was converted to 44 by using the neutron latitude 

variation measured by Simpson. 
5 

Our measurements indicate that the 

shape of the spectrum is unchanged from 200 g/cm
2 

to 1030 g/cm
2 

(sea 

level). Figures l2a and 12b show the attenuation curves for the Bi fission 

chamber and for the BF 
3 

counter with no (CH 2 }n but with a Cd cover. The 

fact that the attenuation mean free paths for these two counters are experi

mentally equal indicates that the spectrum from about l ev to about 500 Mev 

does not change shape from 200 g/cm
2 

to 1, 000 g/cm
2 

depth in the atmosphere. 

Above 200 g/cm
2 

the spectrum will probably be found to change shape. Near 

the top of the atmosphere there should be fewer low-energy neutrons, since 
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the thermalization process will not be in equilibrium. The albedo from the 

lower atmosphere, where. equilibrium has been established, will tend to make 

this effect small, but it will probably be present. Near the surface of the 

earth albedo effects from the ground or water may modify the spectrum. Both 

earth and water should absorb fewer neutrons than air so that the spectrum 

near the bottom of the atmosphere might be rich in thermal neutrons reflected 

upwards. Work by Mather indicates that the earth tends to thermalize inci

dent neutrons without capturing many of them, and then the slow neutrons are 

mostly refle~ted into the air and eventually captured by N
14 21 

If one assumes a power-law spectrum for the primary cosmic-ray 

protons then according to Messel' s theory of the nucleon cascade the 

differential spectrum of those secondary nucleons above the primary cut- off 

energy E should have the same shape as the primary spectrum. 
22 

On the 
c 

basis of this argument the spectra shown in Fig. 7 may be extended above 

3 Bev (E at 44 °) by using the power law given by Singer for the primary c 
spectrum which has an exponent of 2.15 for the differential form for proton. 

Table II is a summary of the counting rates of the various detectors 

used and the counting rates of these detectors calculated from the measured 

efficiencies and from the height of the neutron energy spectrum shown in 

Fig. 7. After we had concluded this experiment we became aware of the 

work of Miyake, Hinotani, and Nunogaki on the cosmic--ray neutron-energy 

spectrum. 
23 

They measured the spectrum in the energy region 1 to 15 Mev. 

They studied proton recoils in a cloud chamber and calculated the spectrum 

fron 1 ev to 1 Bev by considering the slowing down of neutrons and subse-

quent capture on nitrogen and also the production of high-energy neutrons. 

Their spectrum is shown in Fig. 7 integrated over solid angle and translated 

in latitude to compare to ours. There is reasonably good agreement 

between their spectrum and the spectrum calculated here. In the ev energy 

region the agreement is good and above 10 Mev it is very good. For inter

mediate energies our spectrum is probably more reliable because (a) we 

had experimental information in the region 100 kev to 1 Mev, and (b} we 

included neutron absorption in the spectrum calculations. 
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Table II 

Experimental counting rates vs. counting rates calculated from our spectrum 

(All d~ta for 700 g/ cm2 and 44 ° geomagnetic latitude) 

Detector · Calculated from Spectrum 

Au Foil (K value) 

BF
3 + 1/2" CH 2 

BF
3 + 1" CH 2 

BF3 + 1-1/4" CH 2 
BF3 + 1-1/2" CH 2 
BF3 + 2" CH 2 
BF3 + 3'' CH 2 
BF3 + 4" CH 2 
BF3 + 5" CH 2 

Proportional counter 

Bi fission 

Stars in emulsions 
14 2 

C atoms produced/em -sec 

BF 3 + no paraffin 

+ Cd cover 

a 2 
See Lock et al. 

b Anderson and Libby. 
11 

c 7 Yuan. 

4.9 X 10 -3 

neutrons/em 
2 

-sec 

.097 counts/sec 

.141 

.168 

.212 

.250 

.221 

.136 

.098 

1.46 counts/min 

1.33 counts/hr 
3 15 stars/em -day 

. . 2 
3.1 atoms/em -sec 

2 
.0022 counts/em 

d For a counter of 1 em 2 thermal effective area. 

Experimental 

5.0±1.7x10 
-3 

2 
neutrons/em -sec 

0.084 counts/sec± .005 

0.150 ± .006 

0.173±.006 

0.192 ± .006 

0.208± .005 

0.200 ± .008 

0.133 ± .006 

0.105± .006 

1.55 ± .18 counts/min 

1.6 counts/hr ± .3 

I 3 a 
15 stars em -day 

2 b 
2.6 atoms/em -sec 

6 1 2 c d 0.002 ± .0003 counts;cm ' 
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THE NUCLEON CASCADE 

Rossi has made a simple model of the medium-:energy nucleon cascade 

in the atmosphere
24 

that is probably not too far from reality. The cascade 

is limited to one dimension, and the production spectrum of both neutrons 

and protons, based on the work of Camerini, 
25 

is tak.en to be 

S(E, h) = 
Ae -h/L 

('50+E) 2 

where h = depth into the atmosphere, L • attenuation mean free path, E = 
kinetic energy. This is not very different from the currently accepted pri

mary proton spectrum shape. The differential-energy spectra of the secon

dary particles produced in the cascade are theJi for neutrons, 

and for protons, 

cj> (E, h) = 
n 

cj> (E, h) = 
p 

-h/L Ae 

k(E) 

Ahe -h/L 

(50+E) 2 ' 

[
Em- E 

(SO+E) (SO+Em) l 
where k(E) = ~ = ionization energy-loss rate of protons and Em is defined 

by R(E ) = R(E) + h. If we integrate the area under this spectrum (for L = 
m 

138 g/cm
2

) from high energies down to 80 Mev, we can get the ratio of secon-

dary protons to neutrons of energies greater than 80 Mev as a function of 

atmospheric depth (Fig. 13). This can be compared with the fraction of events 

in the Bi fission chamber that are induced by charged or by neutral particles 

{i.e., have or have not a G;,.M signal in coincidence). Since Rossi's spectra 

are for secondary particles only, we must add the primary protons cj>' to get 
p 

the total number of protons, or cj> + cj>' • The ratio T of neutra~ to charged 
p p 

events (Fig. 13) that we find experimenta~is then 

T = = = R 
1 + u 
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Where R is the ratio of secondary neutrons to secondary protons ~ /~ 
n p 

that we calculate from Rossi's spectrum, and U is the ratio of primary 

protons to secondary protons, <j) /{j) . Using this relationship, the !Xleasured 
p p 

value of T, a.nd the calculated value of R, one obtains the values of U shown 

in Fig .14 as a function of h, the depth into the atmosphere. 

According to the treatment by Rossi, we can calculate an approximate 

value of U = ,\,. jtf.. in the following way. Let us take for the differential 'f p '±'p 
spectrum of primary protons, at some depth h into the atmosphere, 

where L contains the effect of slowing down the protons by ionization energy 

loss as well as loss by nuclear interactions. Then the secondary-proton 

differential spectrum is given by
24 

where rri(E, E') is the average number of secondary protons of energy E 

made by protons of Energy E', and C(h) is an approximate correction factor 

to take care of the energy loss by ionization of secondary protons produced 

above altitude h. The value of C must be averaged through the depth h 

above the position in qwestion, because the secondaries have come from all 

positions above h. If now we ask how many primary and secondary protons 

of energy E >80 Mev we have at any depth h, we can use an average secondary 

multiplicity m (which can be obtained from emulsion data), 
25 

and then inte

grate the spectra from 80 Mev up; we obtain, for the primaries, 

00 

cp, (E>80,h) -h/L =f <j>' (E')e-h/L dE' , = ee p p 
80 

and for the secondaries, 
h 

<P (E >80, h) = C{hfN a Hffi j -h/L dh e p 
0 

[ -1 J . = C(h) Na H m Leff 
-h/i. 

e 



Taking C(h) = e -h/p, we then get 

h 
1 

= h f 
which gives 

u = 

-20-

C(h) dh = 

h 

"air" atom as 0.25 barn, and using Using the inelastic cross section a- per 

p = 1450 g/cm
2 

(obtained from the Rossi secondary•proton spectra) and 

(also obtained from the Rossi spectra) and rn-:. 0. 36 from 
2 

L.,. 148 g/cm 

emulsion data, we get the solid curve shown on Fig. 14. 

.. 
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RESULTS AND CONCLUSIONS 

We have determined the cosmic-ray neutron energy spectrum in the· 

equilibrium region of the atmosphere. The principal features of the spectrum 

seem quite reasonable. Prior to this work most of the experimental studies 

of the neutron spectrum had concentrated in small regions of the spectrum, 

either the thermal region or the 100-Mev region (stars in emulsions). In 

this study we have attempted to cover as much of the spectrum as possible. 

One result of this wide energy survey has been the discovery of the evapora

tion peak in the spectrum at about l Mev. The conclusion that this peak is 

present because there is a strong source of evaporation neutrons is not too 

surprising. A nuclear reactor shows a peak in the spectrum at about the 

same energy as the energy of its neutron source--namely, fission neutrons. 

The principal reason for measuring the cosmic-ray neutron-energy 

spectrum is to provide a basis for testing the theories on the nuclear cascade 

process in the atmosphere. However, a stric.t comparison of theory with 

experiment is not possible at this time because the main theory (Messel's) 

applies only to secondary nucleons of energy >500 Mev. This is near the 

effective upper limit of the Bi fission chamber (i.e., cross section unknown 

above). In the region from 10 to 500 Mev, the present spectrum shows the 

E-1. 
5 

fall-off--about the same behavior as the data of Camerini on stars in 

emulsions. 

Since the shape of this cosmic-ray neutron spectrum should be compar

able to that from shielded high-"energy accelerators, it should be useful for 

determining the background spectra around such accelerators for physics 
I 

experiments and also for determining the personnel hazard from neutrons. 

This spectrum has also recently been used for estimating the neutron dose 

expected fon persons spending long periods of time in a high-altitude environ-
34 

ment. 

For an accurate determination of the neutron-energy spectrum it is 

important to know if any short-period time variations could contribute to the 

difference in intensities observed with the various de1fectors at different 

latitudes and altitudes. No significant changes were observed in the Simpson 

pile counting rates that might be correlated with changes in the primary 

radiation. 

It is well know that there are no diurnal variations for the .. neutrons 

\ 



-22- UCRL-8628 

counted with the BF 
3 

counter. It is concluded from the data taken at White 

Mountain with a Bi fission chamber that there is no diurnal variation greater 

than lOo/ofor neutrons of energy greater than 80 Mev. 

No attempt was made to determine if the 27-day cycle observed by 

Simpson exists also for higher-energy neutrons. This effect could be 

expected since these neutrons and those detected by a Simpson pile are 

probably produced by the same region of the primary spectrum, i.e., the 

low-energy primaries. 

We conclude that the spectrum given in Fig. 7 represents the true 

spectrum in the equilibrium regions of the atmosphere unperturbed by time 

variations of the primaries. 

An attempt is now being made to calculate the neutron spectrum by 

using an evaporation spectrum peaked at about 1 Mev as a source function. 

If this is successful it will enable us to calculate the cosmic-ray neutron 

albedo. The decay of these albedo neutrons produces electrons and protons, 

some of which are trapped by the earth's magnetic field to produce at least 

part of the radiation belt observed by satellites. 
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APPENDIX 

I. Data from Other Experiments 

Besides the data taken in the present experiment there are several 

other sources of information that can.be used to help obtain the cosmic -ray 

neutron energy spectrum. 
27 -30 . 

Several authors have measured the number of stars/cc/day 1n 

nuclear emulsions caused by the cosmic -ray N -component at different 

altitudes. 

Reference 

George 

Bernardini 

Lattimore 

Lord 
II 

II 

Table III 

Intensity of the star -producing radiation 

. Res1dual 
pressure 

(g/cm 
2

) 

1030 

680 

670 

660 

105 

15 

Stars
3 

per em 

per day 

1. 47 

14.2 

16.4 

22 

1610 

2390 

This information can be used to obtain data about the cosmic-ray 

neutron spectrum in the energy range near 100 Mev. The various authors 

listed in Table III define "stars" as events having three or more prongs. 

They normally cannot identify the incident particle in such an event if it is 

charged. Therefore, we can say that their cosmic-ray stars are composed 

of three-prong &tars induced by neutrons, and two-prong stars induced by 

protons (in which the incident proton looks like a third. prong). We will 

neglect 'IT-meson-induced stars in this analysis, since there should be very 

few of them-especially at low altitudes. We will consider protons and 

neutrons to have the same cross section for n-prong star production. We 



-25- UCRL-8628 

. can write the relation 

j N (E) 

C(x) A ~(E) dE, 

where C(x) is the observed counting rate in slarslcclsec, N is the flux of 

I 2 • P I 2 •.• 
protons in protons em {sec-:r"Mev, and Nn is the flux of neutrons em ,lsec.zMev, 

A. 2 is the mean free path for the production of stars having two or more 

charged prongs, and A3 is the mean free path for the production of stars 

having three or more charged prongs. We can find values of A2 and A.
3 

in the literature on nuclear physics. Work on this subject has been done 
26 

by Germain, Bernardini, Lock, and Johnson. A summary of the values 

of A obtained from their work is given in Fig. 15. 

The data of Germain give directly the values of A._2 and A. 3 . The other 

authors give prong distribution which can yield values of A2 and A3, using 

the geometrical mean free path for emulsion nuclei properly averaged 
. 31 

over the constituent elements as 29 em. The values of A. depend on the 

energy of the incident particle, as is showtl. in the accompa11ying graph. 

The A values do not depend upon X, the depth in the atmosphere, and we 

are assuming that they are the same for neutron- or proton-induced events. 

In order to determine values for the neutron energy spectrum, N (E), we 
n 

must eliminate N (E) from the earlier equation. We do this by assuming 
p 

N (E) = kN (E), and then can evaluate k. 
p n 2 

At altitudes of 700 glcm or below most particles 
24 

are secondaries. 

Therefore, we use Rossi's spectra to get values for k. 
2 

At 190 glcm , 

we have said, the number of primary protons is two times the number of 

secondary protons (See Fig. 14). The primary-particle energy spectrum 

h b d t b f R ., f 11 . b as een assume o eo oss1.s orm, g1ven y 

N~ (E) = 
p 

2 
We get k for 190 glcm now by using k = 

N (E) + N' (E) 
p p Using_ these 

values of k and the values of A
2 

and A
3

, we 
N (E) 

can e~aluate Q in the eq~ation 

where 

Q(E, h) = 

Q(E, h) N(E) dE, 

k(E, h) + 1 
~·(E) .A3(E) 

2 
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Values of 9 .are plotted on Fig. 16. From this graph of Q we see 

that the data on stars in emulsion give data about the cosmic-ray neutron 

energy spectrum in roughly the same energy region as the bismuth fission 

chamber .. 

IL Production of c 14 
in the Atmosphere 

Most cosmic -ray neutrons, after slowing down, are captured inN 
14 

by the process N
14

(n. p)c
14

.- The c
14 

made this way is incorporated into 

plants, animals, carbonates in sea water, etc., and [3-decays slowly back 

to N
14

. If one measures the total amount of c
14 

in the biosphere and 

assumes that the cosmic-ray intensity has been constant for 30,000 years 

or more, then one can calculate the total number of cosmic-ray neutrons 

needed to produce this equilibrium amount of C 
14 

in the following way: 

~ -1u (E)<j>(E, h)N dE dh, 
un np n 

where h = depth into the atmosphere, N = atoms of C 
14 

produced per 
c 

cm
2 
/sec, u =absorption cross section of nitrogen for neutrons. 

np 
Integrating, one has 

where <j>(E, h:}.. :::.neutrqn energy spectrum, NN = atoms/g of nitrogen. 

We have said the absorption cross section varies as !/velocity, 

u (E) = ~ 
nN E 

and that the shape of the neutron energy spectrum is independent of altitude, 

so tha(we have 

<j>( E, h) = n( E) G(h); 

now, the integral is 

Nc- Nif f G(h)dh jnif) dE. 
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The first integral, which integrates the intensity through the depth of 

the atmosphere, can be evaluated from the altitude-neutron-intensity curves 

obtained by Korff. 
32 

The second integral can be obtained from the spectrum 

shown in Fig, 7, 

The total amount of c 14 
calculated this way agrees to within 1(]1/o with 

the total amount mea.sured by Libby and Anderson. ll 

III. Slowing Down and Diffusion of Slow Neutrons 

It is of interest to see how far a neutron travels from its point of 

production during slowing down (L = slowing-down length), and then how 
s 

far it diffuses after being thermalized (L d = diffusion length) before being 

captured. Also we can calculate how long it takes to slow down (t = 
s 

slowing-down time) and how long it diffuses (td = diffusion time) before 

capture. 

We will consider an evaporation neutron made at 1 Mev. We can 

evaluate these quantities from the known scattering and abs6rption cross 
. 33 

sectlons. 

Altitude 

40, 000 feet 

Sea level 

L 
s 

1500 meters 

330m 

340m 

75 m 

t s 

0. 65 sec 

0. 15 sec 

0. 25 sec 

0. 06 sec 

It can be seen from the table that the neutrons don't move very far from the 

point of birth to where they are captured. Also the time lived is so short 

that very few decay before capture. For higher-energy neutrons the slowing

down length is greater but the other quantities are not changed much. 
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Fig. 2. 

Fig. 3. 
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FIGURE CAPTIONS 

Block diagram of the electronics. 

B-36 flights for cosmic-ray studies. 

UCRL-8628 

Efficiencies of two detectors versus energy. Curve A is for the 

CH 2 -lined proportional counter. The other curves are for the 

BF 
3 

counter; the thickness of paraffin (inches) covering it is 

shown for each curve. 

Fig. 4. Efficiency of a BF 
3 

counter with various thicknesses of paraffin 

covers for counting Po-Be neutrons as a function of the angle of 

the counter axis to the source. 

Fig. 5. 

Fig. 6. 

Efficiency of the Bi fission counter as a function of energy. 

Pulse-height spectra for the Bi and no-Bi chambers. Also shown 

is a normalized spectrum for the CF spontaneous ~fission source. 

Fig. 7. The cosmic-ray neutron energy spectrum. 

Fig. 8. Cosmic-ray neutron energy spectrum at low energies. All the 

curves have been normalized at l 00 ev. 

Fig. 9. CH 
2 

build-up curves for the BF 
3 

counter as a function of altitude 

in thousands of feet and north magnetic latitude. 

Fig. 10. 2:(E) x N(E} for BF 
3 

+ CH 2 , proportional counter, Bi fission and 

emulsion stars, showing the relative regidns of energy sensitivity. 

Fig. 11. An approximate neutron~energy spectrum for a nuclear reactor. 

Fig. 12. Attenuation curves for the Bi fission chamber and the BF 
3 

counter 

at 0-inch CH 2 through the atmosphere. 

Fig. 13. Ratio of neutrons to protons of E>80 Mev as a function of depth in 

the atmosphere. The solid curve is calculated from Rossi for 

secondary particles only. 

Fig. 14. Ratio of primary protons to secondary protons as a function of 

depth in the atmosphere. 

Fig. 15. Values as a function of energy of the reciprocal of the mean free 

path in emulsion for making two and three ~prong stars. 

Fig. 16. Values of Q as a function of energy for several depths in the 

atmosphere. Curve A is at 200 gm/cm
2

, Bat 700 gm/cm
2 

and 
2 

C at 1000 gm/cm . 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mlsslon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa

ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus,· method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com

mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 


