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Cosmic-Ray-Produced Neutrons on the Ground:
Neutron Production Rate and Flux Distribution

Mikio Yamashita, Lloyd D. Stephens, and H. Wade Patterson

Lawrence Radiation Laboratory .
University of California
Berkeley, California

January 12, 1966
ABSTRACT

The absolute rates of cosmic-ray neutron production and neutron flux
c"l.istvributionA on the ground weré detefmined at seca level and mountain élt_itude
th a ‘geomagneticvlatitude N\ = 44°N in 1964. The thermal-neutron flux was
'rhe-é'sured with a well¥calibrated.BF3 counter; a Maxwéllian ene.r\gy distri-
bution with a shifted neutron temperatﬁre was assumed. By using two
aifferentl); moderated'BF_,). countefs, the fast-neutrori flux was detérmi‘ned'

in the energy range 0.4 _ICV to 10 MeV. The neutron fluxes were also

estimated from the measured production rate, with good agreement with

the measured fluxes; possible occurrence of air-ground boundary éffects

on the neutron flux distribution was considered. Aniéotropy of the thermal;
neutron flux on the ground was experimentally derr_x'on‘stra.ted,; and the angular
distribution was well filled by the first two terms of a spherical-harmonicé

expansion. The air-ground boundary effects are discussed on the basis

" of experimental results.
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1. INTRODUCTION
Primgry cosmic-rays, on entering the atmosphere, interact with »
air nuclei to cause disintegration secondaries such as neutror}S, protons,
pio.ns, and other part'iclesb. Some of the secondaries possess enough
éné_rgy to cause further disintegrations, vthere.by in turn creating nuclear
cascades. Most coémic—ray neutrons are thought to be produced by these

high-energy nuclear interactions and by evaporation of neutrons from

excited nuclei but the possibility of contributions from solar neutrons has

been suggested recently |[Lingenfelter and Flamm, 1964]. It has been
shown that a major fraction of the total cosmic-ray-produced neutron flux
éomes from the e\/aporation process, having a roughly Maxwellian energy

distribution péaked at about 1 MeV. To a lesser extent, direct interaction

of high-energy radiations will produce neutrons of energies from about

1 MeV up to more than 1 BeV [Hess et al., 1961]. The neutrons produced

initially in the atmospherc are slowed down rapidly by elastic and in-

elastic scattering, and therefore do not diffuse far from their point of

C. ' ' .14, 0 14 . -
origin before they are captured via ~ "N(n,p) C reactions. Hence, since
the neutron-producing radiations attenuate more slowly, neutron equi-
librium with n'eutron-produci_ng_ radiations is attained near the top of the

atmosphere, as first shown by .Be'the et al..[1940] . In the equilibrium .

region, referred to as the free atmosphere, the neutron absorption rate

is équal to the neutron production ratc and the neutron energy spectrum

is independent of altitude. On the other hand, in the vicinity of the air-

~ ground boundary, the energy and spatial distribution of cosmic-ray

neutrons should be quite different from that in the free atmosphere, be-
cause of discontinuous change of the slowing—down properties and the

rate of neutron production between air and ecarth. Accordingly, there
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is no more neutron equilibrium between the neutron production rate and

the neutron absorption rate near the boundai'y. The effect of the bou'ndzii'y

on the cosmic-ray neutron distribution was first investigated on theoretical

: grounds by Bethe et al. [1940]. They demonstrated the boundary effect in

the case of an extended water surface. Their results show that immediately

above the water sﬁrface a larger number of thermal neutrdns is observed
thar}lv in the free atmosphere, while the density of fast neutrons is .redu'ced to
about 20% of that in the free-atmosphere. The results ais_o indicate that
there is a marked increase in the thermal-neutron density in the top 20 _cﬁ

of water, caused by fast neutrons that are produced in air and diffuse into

- the water. As an experimental confirmation of a surface effect,  Swetnick.

[1954] measured the thermal neutrons in water. His experimental results

show that the top 30 cm of water is a transition region wherein the thermal-.

" neutron intensity varies rapidly with depth. The rapid decrease of the

fhe’rmal-neutron intensity between the 3= and 3.0-cm blevel‘_agr»ees with
tbeory, as he claimed. Below the 30-cm levél, t‘he'thermal-neutrojn
intensity '.is found to remain almost constant over the next 20 cm of water.
Edée [1 9-59.] also measured the cosmic-ray slow neut'rons. and fovund:_nea.r_ly :

the same tendency of the slow-neutron intensity with depth as that obtained

by Swetnick except in the first 5-cm layer; that is, a rapid decrease of

sl’d_w-neutvron infensity with depth in the fir‘st‘_ZO-ém layer and a slower
decré_as_e at 'g_féater depth,- |

However, suchadistribution of slow neutrons below the water éu;fécé
is q‘uestiévna.blefwhen we consider the heutron production absorption ratio

on the whole in the nonequilibrium region near the water surface.

In this pé.pe r, our primary interest is determination of the absolute - -

intensities of l6w-energy neutrons produced by the cosmic rays near the

e e e e




-3- .  UCRL-16042 rev.

.‘g_round", because we feel there is a'..seriou‘s lack v_.of‘ervtperimental data in- thibs___
- area. Although several experbimental data 'have been reported on gro.:und-.. :
flux intensities [Kaplan et al., 1952, Boella et al._, 1963, Hess et al 1959, -
' _.__Kent, -1963,@4 Kastner et al., 11964] , there erci_st‘s‘a‘ great discrepancy |
a ar'nong -the'm.. Quantftative rneasur'ernents. of the cosfnfc-ray neutron 'fl"u.;ces
" on the ground are difficult because (1)the neutron‘-energ‘y distribu'tion 15 ..

‘-'__.uncertain y - (2) the air-’ground boundary effects on the spatial and energy

d1str1but10n of the neutrons depend greatly upon the type of local surroundmgs
and (3) 1t is d1ff1cult to determine prec1sely the detectmn eff1c1ency and energy
dependence of the'neutron de-tectors. On the other, hand the cosmlc ray

neutron 1nten51ty should be related to the rate of productlon of neutrons

' w1th1n theiscope .of the varlety of the a1r-ground boundary effects

Slnce the neutron producmg radlatlons are of h1gh energy and are
dlrected predormnantly in the forward d1rectlon, we expect that there is
no air- ground boundary effect on the neutron producmg radlatrons. In

E |
other words, neutron productlon in. both air and earth in the v1c1n1‘?ty of the e

"boundary should be caused by the neutron producmg radlatlons of the same ':

energy 'spectrum.' Therefore, 1f we know ‘the absolute neutrOn productlon

rate, We can predlct the neutron fl‘ux 1nten51ty at'a certaln locatlon w1thv

"'a‘n accuracy governed by the knowledge of the air- ground boundary effect

b_ and the local condltlons for neutron dlffusmn. In this paper,‘ we pre.,sent_ R
our experin’zen_tal_"r’esults_ on th'e. neutron f_lux intensitie:s. and produc’tion

' _rate and“compare' them’easure-d neutron fluxes ivith those calculated

frorn the production‘?rat‘e. In addltlon, _we dlSCLlSS the air- ground boundary’"

'effects on the neutron dlstrlbutlon based on the experlmental data. ; All
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experimental data were taken at White Mt. (10600 ft), California,

: geomagnetié latitude N = 44°N, during August 1964, and at sea level

in the vicinity of Berkeley, California, during July through December

1964.
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2. MEASUREMENT OF COSMIC-RAY NEUTRON PRODUCTION RATE

To date, many experiments have been reported on the absolute |
rate of neutron production. One type of éxperiment uses 1/v.detectors
with known sensitivity to measﬁre the slow-neutron flux in the free atmos-
phere, where the neutron absorption rate is balanced by the neutron pro-'_
duction rate [Davis, 1950 and Yuan, '1951] . This sort of experiment
determines the rate of production of necutrons that escape resonance
ébsorption and reach ‘ch;e 1/v region. The experimental results thus
obtained have been compared, with good agreement, with the concentra-.
tion of 14:C produced by‘neutron capture in the atmosphere [Ladenburg,
1952 and Anderson, 1953]. The neutron production rate in a certain
material on the ground also can be measured if the rate of pfoduction
ed.uals-that of absorption in the material. This con‘dition is created, for
e'xaijiple, within a mass .of material such as water or paraffin, the di-
mensions of which are large compared with the mean free path of the
: néutrons p.roduced. Korff et al. [1948] first attempted such an expéri—
ment, and extensive studies were reported by several investig.ators..
[Tobéy, 1949; Tobey and Montgomery, 1951; Lattimore, 1951; Swetnick,
1954].

Our -experirnents.on the rate of neutron préduction were similarly
made in \\fatér and in a paraffin pile. ‘Accor&ing to Tobey et al. [1951] a
63.5-by 63.5-by>92-cm paraffin pile was large enough to establish neutron .
eqﬁiﬂlibrium in it. Experimental results on s_low-;neutron distributioﬁ in |
water made by chtnick [1954] showed that the 510w-néutron intensity
decreases .rapi'aly with depth and reaches equilibrium at about 30 cm
deep. In the equilibrium region, where the neutron production rate ié

“equal to the rate of absorption, the rclationship between the counting rate -
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of a 1/v detector and the rate of neutron absorption in the medium is
expressed as [Bethe et al., 1940]

R B 1
g = e e, ‘ (1)
: A\ '

T o
v&here q is thke number of neutrons ber gram per second a'bsoerd at tbc
1/v regionvin the medium, p is the density" of the nlediurﬁ, TR and T
are the mean lives of ncﬁtréns in the 1/v detector and the medium, re-
spectively, R 1is the counting rate per secénd of the detéctor, and V is
the volume of the detector in cm3.v In the ébove expres&;,ion we.h'ave é.s sumed
a 1/v variation of the absorption cross section of th;e medium. Actu#lly;
two major corrections are necessary for Eq. (1). 'First,v since the slow-
neutron flux around the detector in a reléfivqu nonabsorbing medium
would be more or less depressed because of strong absorption of néutrons-
by the detector, the detector would sce a smaller néﬁtron flux than tﬂhe_
cquiiibrium flux in the medium. Therefore the final result would be undcr;
cstimated, unless properly corrected for the flux-depression effect.
Second, the effective sensitivity of a 1/v detector for sléw neutrons is
usually different from the calculated one. ‘Fo.r a 1013]5‘3 proportiopal '
counter, for example, the diffcrence arises from the self—shie.lding c{fect,'
neutron absorption in.-Lhc ;:ouxlter wall, an error ill the 1 B content in
the counter, and other minbr factors. These facts necéssitatc an cxperi-
mental correction to the. sénéitivity of the detector. Equation (1), corrected

for the effects mentioned. above, may be written as

R ™81 1 1 ' "
== 2. L. .1 | (2) -

\4 T P Y
where vy is the ratio of cffective sensitivity of the detector to that caleu-

lated, and { the flux-depression factor.
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A. Measuring Equipment and Calibration

We used a BF,-gas-filled proportional counter for measurement

3
of slow neutrons. The detector has an effecti?e volume of 4.75-cm diam
by 24.1-cm iong, which is {illed at a pressure of 20 cm Hg at 0° C with
96%- 1%B-enriched BF,. The 0.16-cm-thick cathode wall is 28% chromium
ar}d 72% iron. The counter was »used at the center of the plateau of fhé
operating-voltage curve--about 2800 V. The bias setting was sﬁch that
gamma discriminatioh was proved in a gamrﬁa-ray field of 1.5 r/hr from
124Sb with a negligibly small loss of pulses due to 1OB(n,a) events.

The effective sensitivity of the BF3 counter for an isotropic slow-
neutron flux was measured by compﬁrison with a calibrated In foil. A thin
In foil was first calibrated in the thermal‘col;@mn of the LPTR at the
Lawrence bRadiavtion Laboratory, Livermore. Then the foil and the BF3
coﬁnter wevrbe exposed to a-n isotropic flux of slow neutrons in a cavity
within a thick concrete cube. The slow neutrons were produced by a
Pu-Be séurce within the cavity [Patterson and Wallace, 1958] . The Cd-
differenée method was employéd in cal.ibré.ting both the BF3 countér and th‘e‘
In foil. The advantage of this mefhod is that since th.be capture c'ro.'és section
ofi\indium for slow neutrons can be approximated by tBe 1/v curve below the
= 0.4-eV Cd cv:utoff. [Hughes apd Schwartz, 1958] , both the 'In;_foil anci the
BF3 counter may bé regarded as 1/v detectors. Hence the felativg sen-
‘sitivity of both defecfors for slow neutrons is.‘indc;:pe"nde‘nt of the en‘ergy‘ :
distributiq_ﬁ of the neutrons, as nﬁe‘a;ured by means of the Cd-diffex;encé
mbetl”.xod.' Experimental details and resuLts are given else\Qhere '[.Yamashita.
et al., .1965] . The effective total crvoss‘section of the BF3 counter thus

‘determined for an isotropic slow-neutron flux with a Maxwellian distri-

bution at 20°C is 9.05 cmZ with an esﬁtimated error of abo’ﬁt 10%, ys_{hile
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the Maxwellian average cross section calculated from the content of

1OB and its capture cross section is 10.36_cm2.

B. Experiment and Results

The rate of production of cosmic-ray neutrons was measured in
water and inv_'a. pa_raffin pile at the University of California's White Mountain |
Hi:gh-Altitude Research Station (10600 ft), Rates in water were measured ..
at the deepest parf (about -iSO cm) of a smalll pond. The BF3 counfer,
tightly covered with a thin polyethylene sh’ect, was suspended about 100 cmb .'
from the shore at a depth of 40 cm. According to the experimental results
of Swetnicg"l‘([1954]b, neutron equilibriurﬁ is attained here. In the case of the
pé’raffin pile,_ the BF3 counter was placed at the center of the 60- by b9f by -
96—crh pile with a negligibly small air gap Bet\veen the counter and par‘affig. _

At sea le;el, experiments were also perforrﬁcd in boch water and
the paraffin pile. Measurements in water wefe ca.rried out in a private
swimming pool with é depth of about 3 m,. while the paraffin pile employed-
was 90 by 100 by 105 cm. Since, in either‘case, the coﬁnting-rates were
very low, background events significaﬁtly contributed to the total countirig"
rdte. The background counts, caused by a contamination of the counter
wall anci to a lesser extent by coémic—fay bursts or recoil evenfs were -
determined by _plvacin'g the _BF3 counter covered with a Cd sheet in a
paraffin pile.. This test \.vas'made at sea level and at the mountain altitude. ..
There is no significant difference between the results at the two altitudes,
indicating a negligibly small contribution f_f_om cosmic .r.ay-s to the back-
ground. It should be mentioned that, althoggh »thc net counting rates in
»wé.ter and paraffin were taken virtually by means of the Cd diff'erencev, this
.does not introduce a significant error because of the negligiblyﬂ srﬁall

neutron captuﬁ: in the energics above the Cd cutoff.
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The dégree of flux depressién around the counter in water or in the
paraffin pile was experimentally evaluated. Counting rates were c-o.mpareicll
for two gemoetric.afl‘l-y identical BF; counters, one of which was 96% 1OBV
enriched and the a‘cher 1"0% 1OB depleted. These were embedded in turn .
in the paraffinv_iaiilﬁe _with'-.'.;; PuBe neutron source on its surface. Reclative
éensitivity of the t\vo_‘c:‘dpnters under no flux-depression effect was deter-
‘rﬁined in the a;i__r. by comparing the counting rates agaiﬁst slow neutrons
from a paraffir;—rﬁodefated neutron source.

The flux-depression effect for the depleted counter in a diffusing

medium could be reasonably neglected, and a decrease of the relative

- counting rate of the enriched counter in paraffin should be attributable to

the flux-depression effect. The experimc'ntal procedures and necessary
corljections to reduce the final r_ésul’cs are described elsewhere [Ya’.mashité
et al., , 1965]. The flu#-depi'essioﬁ factor thus obtained for the enriched
BF3 coxémter is about 0.95 in paraffin with no air gap between the c‘gu,n"cér and
paraffin. This indicates a smaller flux-depress.i.on effect than the value |
c‘aiculatéd by Dr;ape r's formula for the case. 'of an infinitely long cylindcvr
{Draper, 1950] LIt shbuld be mentioned that an air-gap betwi,e..en thé counter
and the surfounciith medium should considerably reduce the flti_x-depre.ssio'n_'
effec_t. in what follows,i we assume thatthe flux-'d'cprcss'ion f;ictor iﬁ : |
water is the same as that estimated experimentally in vpar.afﬁn..

The experimental data on cosmié-ray neutron intensity could also

be subject to small fluctuations in the neutron-producing radiations

caused by a change of barometric pressure or primary cosmic-ray in-

tensity. During the measurcments at 10 600 {t clevation, a neutron monitor

comprising a ?OB-enrichcd BF3 counter covered with 2 in. -thick paraffin

moderator was installed on the roof of a cottage to monitor the inte,nsityv
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of neutron-producing radiations in terms of fast-neutron flux. Thé neutron
monitor. showed no significant diurnal variation within the statistical error. |
Therefore we treat the experimentai data by correcting only for a change
5f barometric presSure. The correction for barometric prevssure.,‘ although
generally ’les.s than the systecmatic errors introduced by experimental pro-
.ced\_.zres, was made by using |

/ P’PO\

A(py) = A(p) exp -\_T/} . | (3)

\s‘/hereA(p) is the measured counting rate at a barometric pressure
P (g/cmz), énd A(po) is the corrected counting rate at the standard
pressure pg at the measuring location. The attenuation length L for
the neutrqn—producing’ radiation was taken equal to the gene raily accepted
value of 145 g/cm2 af a.low altitude [Simpson et al. . 1953]. Standard
pressure p, was taken as 700 g/cm2 at 10600 ft, and 1030 g/.‘cmz at
sea leve.l. The experimenfal resuits on.t;,he neutron production rate,
cérrected for.barome_tricr pressure, are shown in Table 1.
To obtain the neutron production rate in neutrons per secohd per gram
from the measured counting rates, 'Eq.v (2) was re\;vritten for water as
q = 1.§o><1o‘3 Ry et . (4a)

and for paraffin as | '

bq'= 2.7v1><1o’3~-R'y'1f'1 , _ (4b).
whére we use V = 428 crn3, a thermal capture cross section of 0.33 barn
for hydrogen and 4010 barn for 1913, a deﬁsity of 1 g/cm3 for water and
0.9 g/cm3 for paraffin, y = 0.874 and f'= 0.95, as described previox.‘isly,'
and R is the measured counting rate in counts per sccond. In water, the
oxygen atom is responsible for neutfon prodﬁction,- .while the »carbon atom

is in paraffin. According to experimental results on cosmic-ray neutron

'
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productioﬁirates in various elements [Tongiorgi, 1949; Simpson and
Uretz, .1953; Brown, 1954; Ortel, 1954; Geiger, 1956}, one can approxi-
mate the _total neutron production rate per gram of an element of atornic
weight A by
Cl = const ° Ai/v3 . o : | (5)

This emplrlcal formula glves a relat1ve rate of total neutron product1on
in water, paraffm, air, and earth as shown'in Table 2, where the com-
~ position of the media is assumed to be as indicated in.the table. As
shown.in Table 1, the difference between the countmg rates in water and
the paraffm plle at 10600 ft. elevation is. conmderably larger than expected
from Table 2. .Th1s rs.conmdered to be due to the fact that the 'paraffm plle
used there was not lavrge enough to establish neutron equilibriur'n; hehee |
allowing a ‘signific'ant contribution from neutrons prodb_ced outside the
- paraffin pile. In eohhection with this,v the follleng‘ experiment was earried
out at the laboratory to estimate the effect of external ,ne'utrons on the ° |
60- by 69~ by 90-cm paraffin-pile system,. Three ra.dioactive neutron |
sources With well -known -em_issioh rates were placed at various positio_hs .
on the _suri'aee of the pile, and neutrons wer‘e counte.d each time. S"ihce the
neutron sources were known to emit neutrons rrearly isotropioally, 'the
counting rates integrated over the surfacevof the :pvi‘le‘ sho_uld corresbond
to 'the_’ contribution to the pile from the external, isotrop'ic 'neutron flux.
with an intenslty .equal to the emission rate of the neutron source used;
The experimental results are-summarized in Ta.ble' 3.

~As will be shoxx.(n la'ter,"the intenslty' of fast-neutron flux on the
ground at 10'600 ft elevation was about 7.5X-10'2'n/cm2-sec'. This ég-
ternal neutron flux would have added 8.1’ 5 '1 ‘and 1.6 cpm to the paraffm

pile system if the neutron energy spectrum resembled that of Pu-Be,
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Po-mock fission, and Pu-Li, respeétively. On the other hand, since no
contribution from external neutrons to the counter in water was reason-
ably a_ss.umed, the difference between the counting rates measured in
~water and in the paraffin pile, taking into ac.count the relative neutron
production rates in both media, could be accounted for by the contribu-
tion from external neutrons to the paraffin pile. In this way, the contrilbu—‘_
tion éf external neutrons in counting rate to the paraffin piie at the White
Mt. experiment was found to be 3.8 cpm. This result combined with a
measured fast-neutron flux of 7.5)(10—2 n/cmz-sec and the data in Table 3
leads to an estimated average energy of 0.9 MeV for cosmic-ray fast
neutrons on the ground. Although at sea level a larger bulk of paraffin
was employed, the experimental results indicate that there might still bev
a small contribgtion from external neutrons to the paraffin-pilé system.
Since the_ngutron production rgte was meas_ured' in the medium, a.

correction is nécessary for attenuation of the neutron-proaucing radiations
during passage through the medium above the counter. For a mean free
path of 145 g/cmz for attenuation of the. riéutron—producing' radiations in
the atmosphere and a geometric cro.ss .section [-BrO}vn; 1954]‘, the neutron
production fatcs at 40- and 50-cm depths in water were found to be 73.2
and _6?..7‘{’¢>,‘1_-espectively, of that at the water surface. Therevfore, the cor-
rected neutron prod_uctibn rateé in water were found to be 1.28)(10-4‘ n/.g-se'c

5

at 700 g/cm2 and 1.85X107 " n/g-sec at sea level, as shown in Table 1. .'
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3. MEASUREMENT OF NEUTRON FLUX

A. Experimental Method

During the exiaeriment on neutron production rates, data were also
také_n on flux intensities of slow and fast neutrons on the ground. For slow.
neutrons, the same EF3 counter as described pre\_riously was used, while v
the counter for measurement of fasf—neutron fluxes was enveloped by two
different moderators covered with a Cd 'sheet_. The moderators were
0.9-in. ~-thick polyethylene and 2-1/2-in. ~thick paraffin. The former was
chosen because it was considered to have a satisfactorily flat response
over intermediate energy regions; the latter supposedly was most suitable
for measurement of neutrons with enevrgie's from 0.1 to.10 MeV. The
energy dependence of the sensitivity of these moderated counters for
direc‘tiéhal neutron fluxes was dete>rmined’exper’imentally from 1 eV to
10 MeV. However, since the spatial distribution of the fkas.t-neutro‘n flux
on the ‘gréund is considered to be rather isotropic, the angular dependence
-of the sensitivity of the moderated counter must be determined. This was
also determined experimentally by using various radioactive neutron
sources of different energies. Details of tﬁe éxperirﬁent are deécribed
elsewhere [Yamashita et al., 1965]. Combihing the energy dépendencg
- curve of sensitivity for directional .flux with data on the angula_r depend -
ence, we obtained the reéponse 'curvé of the modérated éounters with
neutron ene rgy for isotropi‘c fast-neutron flux as Shown in Fig. 1. vThe
absolute sevnsitiv';ty of the mode fated vc‘ounters was determined at energies.
0f 25 keV and 4.2 MeV by using SbBe and PuBe neutron sources with wéll-
known emission rates. | Since_the moderated counters d'ovnot‘have flat
re‘spons'es over the energy fange of interest (1 eV to 10 MeV), an aécuré.te

measurement of fast-neutron flux requires information on the neutron
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A energy specfrurh. The energy spectrum of cosmic-ray neutrons has
‘been investigated experimentally by Miyake et al. [1957] and Hess et al.

[1959]). Hess et al. [1961] have theoretically treated the neutron energy

'speétrum by using multigroup diffusion theory. ,Newkirk [1963] has also _ -

calculated the ene r.g:y distribution by means of the numerical multigrou;ﬁ
Sn method. = From the résults of these investigationé, we can describe
approximately the energy distribution éf low—enefgy neutrons in the free
atmosphere as follox'Ns. ‘Tﬁe neutron flux intensity per unit energy interval
decreases with energy as E_1 from 1 eV up to about 0.1 MeV, owing to
elastic scattering with little absorption in the slowing -down process. At
the energy regioﬁ between 0.1 MeViand‘ 1 MeV, ‘the energy speétrum has
_é bump duev to neutron evaporation. Above 1 MeV, the flux i‘ntenvsity Ae-
creases rapidly with energy.. The reported results of fhe energy dist‘ri-A
bution are conéidefably different in the energy region from O‘,i 'to 10 MeV.
Recently, Mendell et al. [1963] approximated the aifferedtial energy
spectrum in 11/cn12-éec-MeV between 1 and 10 MeV-by a power law of the

form - .
$(E) = const - BT N O

and éomi)arcd their expérimental results obtained by balioon flights with
the feported ones to show t‘hat ‘n vranges from 1.16 to about 1.74, as

: shOwn in T.able 4. The energy distribution of thermal ﬁeut'rc'ons in the
atmosphere hé.s been theoreticé.lly treated by several investigé.toré and
'revieW'éd by .‘.‘Hess et al. [1959]. Although the results do not differ ap-
preciably from eqch other, the expression based on theo_;t'y for a heavy,
gaseous moderator given by" Poolg et al. ‘[19"58] is suppose‘dly the best
approximation. However, it should be noted that the energy di'stribuvtion

of thermal neuttons described above is valid only in the free atmosphere.

)
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In the vicinit}r»ofv the air-ground boundary, the boundary effect should be
governed by the fact that the earth has a smaller absorption cross section
for slow neutrons and a larger slowing-down power than air. Thus, the -
lower energy part of the neutron spectrum should be more subject to the
| boundary effect.. |

To 6_bt‘ain the fast-neutron fluxes from the counting rates measured
by two differently moderated detectors, we assume the following neutron
energy spectrum in n/cmz-sec-MeV on the ground in the energy range

from 0.4 eV to 10 MeV:

$(E) = C,/E, (0.4 eV € E 0.1 MeV)
= C, + C,E (0.1 MeV < E €1 MeV)
= C,E™™. (1 MeV <E <10 MeV). (7)

'I—)Iere- Cy» Cys Cy, C_‘4,i and n are constants, C; and C; ‘are ekpressed in
terms Of, C1 and C2 from fhe continuity of the spectrum at O.i and 1 MeV, .
-and C1 andl C.2 are to be determined from the counting rates in the.followg-
ing wé.y. | |
| The observed counting i-ate, R, vis given by
10 MeV - ‘
R=| *©  ¢E)N(E)dE, (8)
' 0.4 eV ' '

where M(E) is the absolute sehsitivity és a function of energy of the- mod -
'eratAed deiectors fof an isotropic flux. This s'evn'sitivity is obtained f_or both
’the 0.9-in. -polyethylene- and 2_-1/2—'1n. -paraffin-moderated detectors from
the data shown in Fig. 1. The integral can be numerically calculated and
thereby expressed in terms of Ci and C,. Accordingly, from the meas- .

ured counting rates of the two moderated detectors, we can write the si-

multaneous equations
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=k + k ok
178G TR G (92)
and
= k + Q
R, = k;, C, + k;5,C,, (9b)
where kii is known and R, is the observed counting rate (i=1,2; j=1,2).

Since for a moderated counter, neutrons produced in the moderator could

4

contribute slightly to the counting rate, a correction must be made. The
contribution is assumed to be proportional to the weight of the moderators.
Fer the 2-1/2-in. -paraffin-moderated detector, 6% of the total counts was
taken to be due to the local neutron production in the moderator, after the
result obtained by Kent [1963].

The spatial and encrgy distributions of slow neutrons very near the
ground are greatly affected by ground conditions in a complicated way.
However, in approximating the thermal-neutron energy distribution by a
Maxwellian, we can reasonably state that the thermal-ncutron temperature
near the ground is determined by the ncutron-diffusion properties of the
ecarth rather than of the air. This statemecent should be supported by the fact,
to be shown later, that thermal ncutrons near the ground come predomi-
nantly from the ground. In what follows, then, we assume a Maxwecllian
dist:ibution with a certain neutron temperature for the therrﬁal energy

distribution near the ground.

B. Necutron Fluxes on the Ground

Measurements at 10600 ft clevation were made about 1m above the
dry ground with the detector axis parailcl to the ground surface. At sca
level, experiments were mainly conducted in a four-storied concrete build-
ing. Data wére taken at cach floor, as well as on the roof of the building.
The building ivaé; a public garage in the-Cify of Berkeley. The garage was so

large and had such a low ceiling that the experiments in the building were



47~ o UCRL-16042 rev,

considered to be a simulation of measu_rémepts at va’rioﬁs dep.ths‘ in the
g.rou‘nd.' An advantage of the e'xp.eriment is that the compdsition of the
concrete can be taken as approximately that of the earth with éonstant moisture
content. In the building, an ﬁnshielded BF3 counter, a 9/10-in. polyF
ethylene counter, and a 2-1/2-in. paraffin-moderated counter were op-
erated simultaneously with abouf 1 m separation between them. The
experimental results thus obta'ined are summarized in Table 5. The
neutron fluxes det_ermined from the counting rates are shown in Table 6.
The fast-neutron fluxes were obtained by integré.ting Eq. (7). The total
neutron fluxes from 0.4 eV to 10 .'N[eV differ by only few ‘IJJercent when n in
"Eq.(7) changes from 1.16 to 1.74. 1t should be noted that since both the
sensitivity of the mo_defated detectors and the flux intensity of the neutrons
rapidly decrease above 10 MeV, Ineglect'of the contribution from neutrons
abdve iO MeV to the counting rates does not introduce. a significant eri‘or._
Neutron energy spectra obtained are shown ih Figs. 2. and 3 for the data
taken on the dry ground at. White Mt., :and in the concrete-building. |

To obtain the thermal-neutron flux from the counting rate of the
slow-neutron detector, we assume that ;che ther;‘nal-neutron énergy distri-
bution is expreslsed by a Maxwellian with a neutron terﬁperatufe of |
1.75 T4 (°K), whgre Ty, the temperature of the measuring location is '
“taken as 293°K. This is discussed again in a later sec‘ti‘on. It sh.ould. be
noted that, in a well—diffuéing medium; the neutrc-m 'temﬁerature approaches
TO, ~while in the free atmosphere it is found to be about 3’1‘0, because of-‘
strong neutron capture by nitrog@n. ‘The intensity of the thermal—néutron S
flux obtained from the counting rate of the 1/v vdete(v:tor Varics‘ by a factor

of ~ N3 when the neutron temperature changes from _TO to 3 TO.
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Results of experiments in the parking gérage are also shown in
Fig. 4. After the transition region is passed, the slow.-neutron counting
rate decreases exponéntia;lly with depth. The exponential part of the
curve could be accow;lnted for by attenuatién of the neutron-producing
radiations; A rough estimate of 25 g/cnq2 for each thickxigss of the re-
inforced-concrete floor of the building yields an attenuation length of about
170 g/cm2 for neutron-producing radiation. The counting rates measured
byﬁ the moderated détectors seem to decrease more rapidly with concrete
thickness near the roof until a secular equilibrium with the neutron-
prOduciﬁg radiation is attained at the lower floors. The ratios of counting
rafes of tbe two modérated detectoré taken on fhe roof and at each floér
remained rather constant, indicating that the neutron energy spectrum
does not change significantly on the roof and insid_é the building N
It should be mentioned that_ in deri\./ing the neutron flux ihtensities

shown in Table 6 from the measured counting rates, an isotropic neutron
flux distrvibution was assumed on the ground. - However, as will be dis-
cussed later, this is not actually the case for both thermal and fast-neutron
fl‘uxes, especially for tﬁermal neutrons. If anisotropy of the flux distri-
bution is,marked‘, and the éensitivity df the déteétor changes considerably
with angle, a correction will be necessary for the measured counting rates,
depending on the direction of dctéctor axis. Howéver, wei _will.show later

that anisotropy of the fast -neutron flux on the ground may be neglected.

13

C. Angular Distribution of Thermal Neutrons on the Ground
To obtain information on angular distribution of thermal neutrons on
the ground, an experiment was performed at White Mt. (10600 ft). A

slew-neutron-détcctor (bare BF3 counter) was collimated by using a cone

covered with a Cd sheet in such a way that the detector measured ohly
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those thermal neutrons that entered in a solid angle of 27 (1-co0s66°) ina
certain direction. A Cd collimator with a smaller solid'anglel was first
made, but the counting rates with this collimatof were too smgll to yield
good statistics. Since the collimated solid angle used was comparatively
large, data were takén for only twp directions, upward and downwai‘d. The
efperim:ental results are shown in Table 7. o

_In accordance with the diffusion approximation [Glasstone and
Edlund, 1952a] we expres.s the angulaf distribution of thermal neutrons
near the air-ground boundary.' by the first two terms of the spherical-

harmonics expansion

1

F(x, 0) = _-Z—g‘o(x) +-§ J cos0. | | (10}

Here F(x,0) is the neutron flux through a ring element of arca 27 sin 0d0
with direction between 0 and 6 +d0 at a distance x from the boundary.

The total neutron flux is ('"
o(x) = |
: Jo

F(x, ) sin 646, : : (11)
and J is.the neutron current throughv a unit area in the upward direction.
The counting rate with the collimator is given by

7 66°

R1 -1 i (b + 3T cosB)n(6) sin 0d8 | (12)
2 jg= ‘
- 06=0

for the downward direction and by
s . ‘ :
1 . . K )
R, = = (¢ + 3T cos 8)n (0) sinBdb (13)
{ . E
JTT-E)()O' .
- for the u_pw:ird direction. Here n(0) is the sensitivity of the detector at

angle 0, being taken as unity at =0 or. m. Substituting R1F= 1.70 and

R2 =2.69 into Eqs.(12) and (713) and usjing the expcfimental results for the
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angular dependence of the detector's sensitivity,' we obtain

8.44+0.35 n/sec (14a)

¢ (x)
and
' J

i

0.882%0.160 n/cm®-sec (14b)
on the ground. From the angular distribution obtained above, the total ‘

counting rate of the slow-neutron detector is

r‘ﬂ'
R= | F(x, 0)1(0) sin6do |  (15)

Jo

H

6.17 i 0.26 cpm.
This calcu.latedv.result is in go’od. agreement with the measured value, .
6.53+0.29 cpm.

in _the‘vicinity.of the air-earfh boundary,I the thermal-neutron flux

. . 2 . .
at a distance x in g/cm” from the boundary is approximately

000 = 6(0) + x (do/dx) o, o (16)

where (d¢/dx)‘<=0 may.be obtained by diffusion approximation:

1 ' 1
{Es(earthf + Z,S(air)

T = -(1/6) (do/ax) (17)

[ S
.

.Here Es(éartlb'and Es(air) are th'e scattcring cross sections of tﬁe earth
and air, respectiv-ely.v To obtain the scattering cross section, the com-
position of the eérth was tvaken for the first approximation to be the same as
the dry soil of the Nevada Test Site [Alien et al., 1963].. vSubstituting
J=0.882, Z(air) = 0.36_9 cmz/g, and ZS(_(-:“arth) = 0.322 cm’z/g into Eq. (17),
we.obtain (d¢>/dx)x=0 =0.91 cpm pg:r‘g./crr_lz. 'Thesé results indicz;te that the
thermal-neutréh flux in the g'round increases rapidly with depthb in such a
way fhat it beé.dmes twice the surface value at a depth of ~ 10 bg/cmz. This"

'is in good agrgement with the experimental results from the parking_ garage.
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It should be noted that the thermal-ncutron fluxes on the ground at 10600 ft
“elevation and sea level, which were determined on the assumption of isotropic
flux distribution, become about 15% higher than those shown in Table 6 when

anisotropic flux distribution is considered.

4. DISCUSSION

"A. Cosmic-Ray Neutron Production

Although many experiments on cosmic-ray neutron production rates
have been made at various altitudes and latitudes, the res‘ults differ con-
siderably. To compare our results with those reported previously, we
briefly review the other results.

In the atmosphere, there is a small but significant amount of reso-
nance captufe of neutrons with energies above 0.5 MeV. Below this energy,
the neutrons are capturcd predominantly by 1/v glbsorption. In the following,
we discuss the number of neutrons that cscape the resonance absorption and
reach the 1/v region per second and per gram of air. For simplicity, we
set this number equal to the neutron production rate, as in the foregoing
discussion.

The experiments on the neutron production rate may be classified into
three categories according to the experimental methods: first, measurc-
ment of slow neutrons in the free atmosphere; second, measurement of the
neutron energy spectrﬁm as well as the neutron flux intensitics in the frce
atmosphere; and third, measurement of slow necutrons in a massive slewing -
down  medium on the ground.

Yuan [1951] measurcd the slow neutrons in the frece atmosphere by
means of the Cd-difference method by using' calibrated BF; counters. The
Cd-difference counting rates correspond to about hall the rate of absorption

of neutrons capturcd in the 1/v region [Anderson, 1953]. Davis [1950] used
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unshielded BF3 counters in the free atmosphere which directly measured

the neutron absorption rates in the 1/v 'region. As pointed out by Latfimore
[1951] » his results must be multiplied by a factor of 2.4 because he wrongly
used a low value for the absorption c1*oés section of air. Hess etal.

(1959, 1961] experimentally determined the equilibriumVncutron-energy

- spectrum, {rom which the neutron.abso rption rate"in the 1/v région could
be calculated. Newkirk [_19()3] calculated the neutron energy spectrum and
used, as the source neutron‘ i.ntensities, the data ébtained by Smith et al.
[1961]. The neufron. absorption rate in the 1/v | region calculated from
Newkirk's results agrees with that of Hess et al. in the equilibrium region,
whevn the data are translated to the same geomagnetic latitude. Korff et al.

| ‘[1 948] made measurements at mountain altitude by surrounding a BF3
counter with water-filled cans. Since the water moderator was thick
enough, it is considered that the measurement was made in an equilibrium
region in water. The results are recalculated in this paper by using newer
cross section data for hyd;ogen and boron. Tobey et al. [1949] measured
the neutron production rate in paraffin. However, sinc.e they employed
nearly the séme péraffin pile in dimension as we did at White Mt., the
resuits.may have been overestimated because of the significant contribution
from external neﬁtrons. Lattimore [1951] used boron-loaded nuclear
emulsions to measure slow-neutron flux in massive ice at mountain altitude.
Swetnick [ 1954] measured slow-ncutron flux by the Cd-difference method at
‘an equilibrium region in water, using an estimated neutron production rate.
Although the data were not corrécted for possible occurrence of thc. flux-
depression effect around the detectors in wate r, tlﬁe results would not be
affected signif_ifzantly. Howev.er, his results must be multiplied by a factor

of 2 for the same reason as that for Davis [1950]. Experimental results
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'weré transferred to a geomagnetic iatitude N = 44°N by using the experi-
mental data of Simpson [1951] on the latitude variation of neufron inten-

| sity at about 300 g/cm2 altitude, the data o"f Simpson and Fagot [19‘53] at
about 680 g/cm2 and the results of Rose et al. [1956]. at sea level. Neutro‘nv
capture b& the relaction 1()O(n,a) 13C (with a threshold energy of 2.3-MeV) is,b
unimportant in air [Seitz and Huber, 1955] . Howev.er, i§ should bc noted .
that neutrons produced in water are slowed down to the thermal rggi’on
without .significant 1oss; Therefore, if the same number of sQu'rc.:e neutrons
is. pr’od‘uced by éosmi.c rays in water a'ncji.in thé air,: more neutrons should

be captured in the 1/v region in water than in the air.

The absolute values of neutron production shown in Fig. 5 differ as
much as a factof of 5 at thé same altitude. In extending the expo.nenztial'
variation of the ciata of Hess et al. and Newkirk to sea level, we see _f;hat
their results are larger by é. factor of 3 thah ours. The di.f.ferences rni.ght ‘
be partly rcla_tcd to the time variation of co.smic-fay intensity .ass,ociat-ed"_‘
with solar activify,, although theif »eff'ect_'is. not thought to be appreciable
: at.lower altitudes. Therefore we have no fuli explanation for these large

discrepancies.

"B. Neutron Fluxes at the Air-Ground Boundary

As described previously, nep.tron‘flu.xés near the .gfound are .nc.>t in
equilibrium with the r;eutron;producing radiations. In what follow_s, we
discuss air-ground boundary effects on the basis of the cxperime.rxtai"data. '
One of the most prominent effects at the boundary should be a mafked
incree;a.se of earthv-bozfn the rmal ne\‘ltron's; “by which we mean neut_réns of "
erierbgies below the Cd cutoff. | | o

In the free atmosphgfe, where the_neut_rén product‘io.n rate is equal

to the neutron absorption rate, we have
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~

®ih " Zin,at O Fra T @ ‘ ' : (18)

~where q is the rate of production of neutrons that escape resonance ab-
sorpfion and reach the 1/v region in n/g-secc, @th is the thermal neutron

flux below the Cd cutoff in n/cmz—sec, <I>£ is the flux of fast neutrons of -

energies between the Cd cutoff and about 0.1 MeV in n/cmz-—sec, Zth a is

the effective absorption cross section for thermal neutrons in cmz/g, and

Zf a is the effective absorption cross section for fast neutrons in cmz/g.
H . . . .

The absorption cross section in the energy region of interest may be ex-

pressed by the 1/vlaw for both thermal and fast neﬁtrons. On the other

hand, the Cd ratio is

~ %th T Zn, £ %%, a - |
Rea = — —— 2. (19)
o, Z '

From Egs. (18) and (19), we obtain

. q . R,..,-1 ' » , . ,
5, = S (20)
th =% R . |
th, a Cd

Usiné a 1/\( 'détéctor,Yuan [1951] found the.Cd ratio in the free atm‘os'p‘he‘re
to be 2. |

Next, we .éstimate the effective ab‘sorption Cross sectioﬁ of air for
thermal neu_tr_onvs,- which is given by |

10V b (B T (E)aE

th,a ~ 0. 4eV ?
TRE L [T (E)AE

-~

(21)

where <;>th(E) is the thermal-necutron cnergy distribution and Z’J'l(E) is the
absorption cross section at energy E. We also approximate the energy
distribution éf thermal neutrons in the free atmosphere by a Maxwellian

 with a shifted neutron temperature:



-25- UCRL-16042 rev.

4, (E) = const - E ‘exp(-E/k T). - (22)

The shifted neutron temperature Tn is obtained by using the formula

of Pool et al. [1958],

TnzT{1+o.91 = a (23)

\ 1

o .
a,i
LA . \,
i /
/

where T is the temperature of the medium in ° K, a; is the fraction of
atéms Qf element i with an atomic weight Ai,‘ Ua,i is the capture cross
section evaluated at an energy kT, and US,i is the scattering cross section.
Using the cross-secction data given by Hughes and Schwartz [1958], we find
Tn to be about 2.9 T in the free atmosphere. The capture cross section of
air at an energy E(eV) is Za(E) = 0.0099 E-i/2 ‘cmz/g. From these data

2

we find %'t to be about 3.2X10" cmz/g. Hence, from Eq. (20) the

h,a

thermal-neutron flux in the free atmosphere is

1 2
B, = —3 X —=156q [n/cm®-secc]. (24)
th o 32x107% 2

The same sort of discussion can be applied to the thermal-neutron
fluxes in an‘equilibrium region in .the earth. In this caée, because the
absorption cross section of earth materials is much smaller than that of
air, ‘the Cd ratio measured with a 1/v detector should be much greater
than unity. This assumption leads to the following approximation for the

‘thermal-neutron flux in the earth instead of Eq. (20):

- 9
, @th T (25)
"’th,a

As a matter of fact, because of the considerable variety of earth
compositions, particularly water content, the thermal-neutron energy

distribution, and hence the value of Zt in the carth, should be variable.

h, a



-26- UCRL-i()Of‘:Z rev.
To see th¢ variance of the effective absorption cross sections of earth, | we’
estimate the values of i‘th, a ffor known-composition bsamples of Nevada
‘Test Site soil with different moisture content.[Allen et al., 1963]. The
tﬁérmal-neutron enérgy distribution is again approximated by a Maxwellian
-with a shifted neutron temperature‘.' The soil compositions, the correspond-
ing neutron temperatux;eé, and the effective 'absorption cross sections are
shown in Table 8. From these data, the thermal-neutron fluxes jm an |

equilibrium region in the specified soils are;

@ 355 q (in dry soil)

th

322 g (in 50% water-saturated soil)

= 235q (in 100% water-saturated soil). (26)

Note that thé équilibrium thermal-neutron flux is greater in the soil with
smaller rﬁoisture content because of the higher absorption cross section
of hydrogen. The aititude variation of the neutron production rate in air,
q,. expressed by anexponential function, may be extended into the earth by
multiplying by a factor of 1.1 to correct for an increase in the ncutron pro-
duction rate in earth as ménti,oned previously.

It is quite difficult to pred~ic§ the e,\;act thermal flux intensityAn‘car
the air-—ground boundary. However, it seems reasonable to-assumeh from
experimental results, tha.t thé thermal-ne;utron flux should be in equilibrium
with the neutron production vrate at a distance from the boundavry of more 'thar_l ‘
5 mean free paths (about 100 m in alir at seca lg’vei and about 15 to 20 cm‘in
g the earth). The ﬁhermal-ﬁeutron fluxes near the boundary are graphicaily“
estimated in Fig. 6 b}; connecting the equilibrium thermal-n‘cuf;ron fluxes in
the air and the earth. The thcrm;ixl-neutron flux intensity near the 'boundar)}
thus is obtained for Nevada dry soil. Th_e slope of the curvé;near the Boﬁngié,ry

may be taken from experimental results. It should be noted, however, that
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the energy distribution of thermal neutrons changes with distance from the
| boundary, varying in such a way that the energy spectrum is hardened with
elevation in the air to approach the equilibrium spectrum. Also, the fast-
neutron flux near the -air-ground boundary is not in equilibrium with the
neutron production rate. -In an equilibrium region both in air and in earth,
if we usec the slowing-down theory and neglect resonance absorption in the
pro_ceés, the fast-neutron energy spectrum in n/cmz—sec-MeV in the energy
region below 0.1 MeV can be approximated by

SE) = 31—+ -, (27)
where q is the rate of production of neutrons that escape resonance ab-
sorption and reach the 1/v region in n/g-sec, and E"ES is the slowing
power in cnuz/g. The slowing power for air (807 N, + 20% O,) is found to

2 cmz/g. For Necvada soils, it is shown in Table 8. Since

be 5.467X 10"
possible boundary effects might occur within a distance from the boun‘dé.ry
of the order of the root-‘mean-square distance necessary to slow neutrons
to thermal energies from an initial energy ofafew MeV, Eq. (27) should be
valid only beyond this distance from the boundary. The root-mean-square
distance travéled by a neutron in being slowed down from»Z MeV to 1 ¢V,
calculated from Fermi age theory [Glasstone and Edlund, 1952, p. 181]

is found to bec about 90 g/crn2 inair and aboﬁt 52 g/cm2 in Nevada dry soil.
In the vicinity of the boundary, the fast-neutron flux intensities can be
graphically evaluated in the same way as for thermal'neutfons, 'by connect-
ing the equilibrium fast-ncutron fluxes in the air and in the earth. The
fast.-neutron flu;x'es thus estimated near the bo.undary are shown in Fig. 7.
for Nevada dry soil. It can be seen from Fig. 7 that the fast-néutron {lux

near the boundary is lower than the value expected from the exponential

variation in the free atmosphere. The experimental results of the
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fast neutron fluxes obtained in the concrete building as shown in Fig. 4

are thus explained by the béundary effect demonstrated above. The equi-
librium-energy spectfum for fast neufrons should not be much affected‘ at
the boundary, since the deviation from a 1/E spectrum below 0.1 MeV is
.not appreciable and.the error in the measured fast-neutron fluxes introduced

- by assuming a 1/E spectrum would be_of the order of the experimental error.

C. Comparison of the Calculated and Measured Neutron Fluxes

at the Air-Ground Boundary

In the foregoing section, ‘\ve have discussed the possible air-gr_ound
boundary effeéts on the slow and fast-neutron fluxes simply but rather
quantitatively. Although there are still several uncertainties, we now
'co.rnpare the measured necutron fluxes to those calculated by using the neutron-
production data. We assume that the compositions of the dry soil at White
Mountain and of the concrete of the parking garag‘e aré similar to that of the
Nevada Test Site dry soil. The spatial and energy distribution of thermal
ncutrons at the boundary is assumed to be such that the neutron temperature
is 1.75 TO and that the flux is isotropic. It 1s unlikely that the error of
the thermal-neutron flux intcns.ity detefmined on thése assumptions exceceds
50%. The fast-neutron flux is calculatéd by integratiﬁg Eq. (27) from 0.4 eV

2 and 1.60)(10_1

to 0.1 MeV. In this case, \xe use 5.167X 10" cmz/g as thc.
slowing powér of air and soil respectively; hence two different results are
obtained, The measured fa_s‘t—ncutron' flux should be between the two calcg-
lated valuk:s. Fc;r the neutron i)roduction rate,‘ we use our experimental results
measured in water, t‘hat is, g= 1.28><1 0-4 n/g-scc at 1Q 600 ft elevation and

.qz 1.85X 10_.5 n/g—sep at sca level. It shQula be noted that the total neutron
production rates are slightly higher in air than in water, as shown ir;

Table 2. However, in the air a small but significant number of ncutrons

are lost due to resonance absorption before the initially produced neutrons
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can reach the energy region below 0.1 MeV. According to Anderson [1953],
the probability that a 2-MeV neutron can reach the.energy region below
0.1 MeV without capture is 0.86 in the free atmosphere. Therefore,. the
rate 6f production of neutrons that can reach the energy regioﬁ below
0.1 MeV is slightly lower in air than in wéter. A comparison of the meas-~
~ured and calculated fluxes is showﬂ in Table O.

From the calculated fluxes in both air and soil, the probable neutron
flux on thle ground can be estimated by using the curve of neutron flux
variation near the air-ground boundary, which is shown in Figs. 6 and 7.
As shown in Table 9, the measured and calculated neutron fluxes are in a
good agreement except the fasﬁ—neutron flux at 700 g/cm2 ¢levation. That
the calculated fast-neutron flux at 700 g/cmZ is lower than that measured
seems to be due to thé fact that the mecasured ncutron production rate at
700 g/cmz'elevatibon is lower by a factor of 0.7 than the value expected
from the data at sea level and an exponential variation with a mean free
‘path of 145 g/cmz. We believe our experimental data on the neutron
production rate at sea level are more reliable than those taken at 700 g/crnZ.
In concl.usion,b we feel that our experimental results reported in this paper
are the most re.liable data available on the cosmic-ray neutron production

rate and fluxes at sea level for the period of minimum solar activity.
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5. CONCLTUSIONS
(i) The flux intensity of the cosmic-ray neutrons on the ground at a
geomagnetic latitude 44° N was determined by using well-calibrated
neutron counters. The thermal-neutron flux intensity was found to be
-3 2. . f e s .
1.07X 10 "n/cm-sec on the roof of a four-storied building at sca level

2

- 2 - 2 : .
and 1.20X10 "n/cm”=sec on dry ground at 700 g/cm” elevation, with an

estimated error of less than 50%. This error arises mainly from the

uncertainty of the energy distribution of the thermal neutrons. From the

data obtained by using two differently moderated counters, the neutron

energy spectrum was established in the energy range about 1 eV to

10 MeV. The energy spectrum does not show a sharp bump due to neutron

evaporation aroun'd 1 MeV as that reported by Hess et al. [1959]; it is very

similar to the spectrum for the free atmosphere calculated by Newkirk [1963].
From the energy spcctrum obtained, the fast-neutron {lux was found

with an estimated error of better than 10%. On the roof of a four-storied

’ _"
building at sea level, the fluxes were 219X 10 ” n/cmz-sec at 0.4 to 105 eV,

1.6 X 10-3 n/cmz-sec at 0.1 to 1 MeV, and '1.7><'10—3 at 1 to 10 MeV; on dry

2 5

ground at 700 g/crn2 elevation, they were 3.8X 10~ n/cmz—sec at 0.4 to 107 ¢V,

2 at 0.1 to 1 MeV, and .'1.7><10-2 n/cmz-sec at 1 to 10 MeV.

1.9X 10"
(ii) -The knowledge of the absolute rate of neutron production would help
us understand the local variation of the ncutron-flux intensity on the ground

and to confirm the realiability of the measured neutron fluxes.

Because of absence of quantitative data for neutron production rates
at sea level except that of Tobey et al. [1949, 1951], we tricd to measure
the cosmic-ray heutron production rate in a massive paraffin pile and in.
water. For the pé.raffih pile, the neutrons produced outside the pile

significantly contributed to the counting rate of the ncutron counter

i it i oo

T

T e
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embedded in the pile; therefore, our data taken in the paraffin pile were
abandon'ed. Also, the reported data taken by Tébey ef al. in nearly the
same size paraffin pile must be corrected for the external neutron con-
tribution.. Tbhe experimental results determined in water yield a neutron-
production rate.of 1.85X 10—5 n/g~sec in v.xfater at sea level, wifh an esti-
mated error of about 10%. |

(iii) In order to correlate the neutron-production rate with the neutron
fluxes on thé_ ground, the approximate pfofile pictures of slow- and fast-
neutron distribution near the ground were made semiquantitatively for
the case of Nevada Test Site ground with different water contents. Ex-
perimental results obtained in a concrete building justify the appro:qiméte
profile picture of the neutron distribution near the bouﬁdary. It is shown
th#t both the thermal- and fast-neutron fluxes on th¢ ground decrease
wheﬁ the water‘cohtent of the soil increases. It should be of interest to
~note here that Gérshkov et al. [1964] recentiy reported their findings that
the slow-neutron flux on the ground is more than 3.1 timeé that over water
bodies.

T.he mea.sured neutron fluxes are co.mpared with the »calculated fluxes
from the ﬁeutron p:roduction rate. They érg iﬁ agreement when we téke
into ?ccount, the 'u’n.certainty of.thg neutron diffusion properties of the
surrounding rﬁe‘dié. w_he.re. the neutron flu;-ces w_’erve.m.easured.v

(iv) Anisotropy of the_'thermal-neutron flux .on the grovun.d was measured,
and the angular distribution was well fitted vby the first two terms of a
spherical-harmbnics expansion. - 'When'this 'anisotrbpic flux distribution

‘is c_onsidered, the thérmal'-neutron flux on the ground at 700 g/cm
elévation, which was determined on the assumptién of isotropic flux
distribution, becomes about 15% higher. It can be shown that aﬁisotropy

of fast-neutron flux on the ground is very small.
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Table 1. Summary of experimental data on cosmic-ray"

neutron production rates in water and paraffin.

Water

Paraffin

At

10 600 ft-

Backgrouﬁd counting
rate, BF3 counter {cpm)

Net counting rate,

- Cd differcénce {cpm)

At

Neutron production
rate (n/g-sec)

Corrected ra.t:e"L
_(n/g-sec)-

sea level

Background counting

rate, BF3 counter {cpm)

Net counting rate, g
Cd diffcrence {cpm)

Neutron production
rate, (n/g-scc)

Corrected ra'ce'r

- (n/g-scc)

©0.710£0.020

2.46 +£0.14

5

(9.380.45) X107

4

© {1.28£0.06)X10°

0.682+0,015

0.327£0.029

(1.25&0.11)x1o'5_

(1.85£0.16)X 107>

0.710+0.020 .

5.19 +0.18

(2.82£0.1)x 104

0.708+0.013
0.267%0.022

(1.45£0.12)X 10" >

Correccted for barometric pressure.

T

Corrccted for attenuation of ncutron-producing radiation in water.
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Table 2. Relative rate of production of cosmic-ray

neutrons in various media.

Medium Density . Relative production rate
(g/cm?) (n/g)
Water, I—IZO 1 1.000
Paraffin, (CHZ)n 0.90 0.876
Aldr, 4N2'+OZ' 1.087 |
1.233

Earth, SiO2

Table 3. Effect of external ncutrons on the 60- by 69- by 96-cm paraffin

ile. The systematic error of the experiment was c¢stimated to be
b t1c \ \

better than 10%. Isotropic distribution is assumed.

Source

Neutron energy

‘Neutron flux

Counting rate

Pu -_Li

(McV) (106 n/scc) (cpm/n—cm'd—secd)
~ Pu-Be 4.2 1.56 - 108
‘Po-mock fission 1.5 0.2145 - 68
0.4 . 2.579 2
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Table 4. Comparison of the reported neutron energy spectra

approximated by E " in the encrgy‘.range from {1 to 10 MeV.

n . ' | Reference
1.16 N Mendell et al. [1963]
1.24 Newkirk [1963] |
.25 ' Miyake et al. [1957]
 1.?4 _ Hess et al. [1961]

Table 5. E'xperimental results on slow- and faSt-ncutron fluxes
on the ground at 700 g/cm2 elevation and at sea level,

geomagnetic latitude N = 44° N,

Measured counting rate, background substracted

_(.cpm)
Elevation - Bare BF, counter 0.9-in-polyeth-  2-1/2-in-
(Cd differcnce) . ylene-moderated paraffin-
counter - moderated
counter
Sca level »
Onthé roof 0.579%0.030 1.56£0.048 2.02£0.054
Fourth floor 1.010+0.034 1.23£0.045 ' '1.77:&0.‘053‘

- Third floor . 0.862£0.033 0.837+0.043 1.12+0.049
Second floor - 0.755x0.042 10.756%0.052 1.03&0.065
First {loor 0.637+0.031 0.586+0.040 0.726+0.046
Orﬁ wet ground o ‘ 1.54%0.04

v ‘ 't v
700 g'/cmz
o
On dry ground 6.53£0.29 | 19.4+0.65 . 24.0+0.45




2

Table 6. Slow- and fast-neutron fluxes on dry ground at 700 g/cm clevation and on a building roof

“at sea level. Fluxes were measured at a geomagnetic latitude X = 44° N,

Neutron _ Neutron flux (n/cmz—sec) |

energy . Fast ﬁeutrons* : Thermal nﬁetron‘sT
range - Sea level 700 g/cmz Sea 700
(eV)~ n=t.16  1.24  1.74 116 1.24 174 -~ level g/em
0.4~105 2.99><10'3 2.95><10'3 2.79><10'3 3.<)2><1o"_2 -3.88><10'2 3.72><10’2

105-10'6 - 1.50><10'3 1.52><1o'3 1.68><~1o‘3 _1.83><10"Z 1.86><-10‘2 .2.0?.><1o"‘2

»106-107 -1.80><-1o'3 1.78><«1o“3 1.63><1o'3 1.74><-10‘2 f1.79><'-1o"2‘ 1.64)(10'2»

-3 3 6.10x1073 7;49><10‘2 7.53X 1074  7.38X10°% 1.07£0.055 1.20+0,05

Total : 6.29X 10 6.25X10°

% 10-3 X 1072

- 15~

" Estimated error < 10%.

" The error term is bascd on the counting error only.

25091-TYDN

‘ADX
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Table 7. Angular distribution of thermal neutrons on the ground.
The Cd-difference counts give the contribution from thermal

neutrons below 0.4 eV.

Condition ’ Counting rate (cpm)
Without collimator 8.21+£0.28
vaered with Cd sheet | 1.68+0.077
Cd difference : ' 6.53+0.29

With collimator
Upward (Cd difference) ' 1.70+£0.13

Downwazrd (Cd difference) 2.69£0.12
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Table 8. Composition of Nevada Test Site soil. Data are taken from
Allen et al. [1963]. The corresponding neutron temperature and the
effective absorption'cross section for the thermal-neutron flux are

calculated from Egs. (23) and (21) respectively. '

Soil moisture

Dry 50% water- 100% water-
saturated saturated
Element
(atoms/cm”)
H 8.553x10%* 9.820x 10%1 16.87x10%1
o 22.68x 101 23.30 x10%? 27.00x10%*
Al 2.014%10%1 1.830x10%? 1.976X10%}
si 9.533x10%* 8.680x% 101 8.963%10%"
Density (g/cm”) 1.15 1.12 1.25
Neutron- ,
tempcrature (°K) 1.73 TO 1.65 TO. 1.54 TO‘
Effective
absorption cross 3 _ 3 -3
scction (cm?/g)  2.82X10 3.11X 1077 4.26X107"
Slowing power -1 1 : o ‘
(cm2/g) 1.60X10 1.87X 107 2.82%10"

.rev,
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Table 9. Compérisoﬁ of fneasured and calculated
neutron fluxes on the ground. |
Elevation Neutron Calculated flux ‘ Measured
- energy (n/cmz-sec) flux
(g/cmz) {eV) Medium | ~ Flux (n/cmz-sec) ‘
700 0.4—105 CAir 3.05><1O-2 | 3.82£0.10X107%
Soil 9.86 X103
<0.4 Air 2.00X 107> 1.20£0.05x 1072
Soil  4.75%107% |
Sea level 0.4-10° Air 4.41%107° 2.90£0,10X 107>
Soil 1.43><1O-3 _
s0.4‘ - Air | 2.89%107% 1.0740.06X 107>
3

Soil. 6.60X10"

rev.
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FIGURE LEGENDS

Fig. 1. Response of the moderated counters with neutron energy
. for isotropic ncutron flux.

Fig. 2. Differential ncutron energy spectrum measured on the
dry ground at 700 g/cm® elevation.

Fig. 3. Differential neutron energy spectrum measured on the
the roof of a concrete building at sea level.

Fig. 4. Variation of counting rate of the neutron detectors in a
concrete building. :

Fig. 5. Absolute rate of cosmic-ray neutron production, normalized

at geomagnetic latitude A = 44°N.
) Korff et al. {1948] in water, (2) Swetnik [1954] in water, .
(3) Tobey et al. [1949, 1951] in carbon, (4) Davis [1950] in air,
) Yuan [1951] in air, (6) Lattimore [1951] in ice,
(7) Hess ct al. {1959, 1961] in air, (8) Newkirk [1963] in air,
(9) Yamashita et al. [1965] in water. :

Fig. 6. Approximated picture of thermal-neutron flux intensity near
the air-ground boundary. The neutron-production rate is taken
as unity in the air at sea level.

Fig. 7. Approximate picture of fast-neutron flux per unit energy
interval below 0.1 MeV near the air-ground boundary. The
neutron production rate is taken as unity in the air at sea level.
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