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1 AT TE N A S ABSTRACT
' . " Experiments on the absolute rate of éosmic-ray neutron productioh' |
PR .f and neutron-'ﬁux'diétributioh on the ground were carried out at_ sea level
" and mountain altitude (10 600 ft), at a geomagnetic latitude, A = 44° N in a f
‘ 1 ~ 1964, Anisotropy of the thermal-neutron flux on the grouhd w.a‘s ‘meas- - o
i ‘ured and the angular distribution was well fitted by the first two terms
of a spherical-harmonics expansion. The fast-neutron fluxes were meas - e
5‘ ured by two differently moderated BF3'gas-,£il'led proportional counters : "

- with well-known sensitivities for isotropic neutron flux in the energy range

" from 0.4 eV to 10 MeV. Taking ‘;into account the possible occurrence of the :..
air-ground boundary effects on the neutron flux distribution, the measured

* neutron fluxes were compared, with a good agreement, with the calculated . . e

fluxes from the measured neutron production rate. -
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air nuclei to cause disintegration secondaries such as neutrons, protons, ..
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. 4, INTRODUCTION
o "Primar)} ‘cosmic-rays', on ente ring the atmosphereg interact with
pions, and other particles. Some of the secondaries possess enough
energy to cause further disintegrations, thereby in turn creating nuclear

casca'.des.‘ Most cosmic-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

‘ :"'distribﬁtion peaked at about 1 MeV. To a lesser extent, direct interaction o

shown that a major fraction of the total cosmic-ray-produced neutron flux -
| .

- comes from the evaporation process, having a roughly Maxwellian energy, :

Vo

of high-energy radiations which produce neutrons of enérgies from about

~ atmosphere, as first shown by-'v'[Bethe et al, '1940}. In the equilibrium

. is equal to the neutron production rate and the neutron energy spectrum

is independent of altitude. On the otber hand, in the \}icinity of the air-

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

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

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

. ' origin-before they are captured via 14N(n,p)14c reactions. Hence, since

- the neutron-producing radiations attenuate more slowly, neutron equi-

librium with neutron-producing radiations is attained near the top of the

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

. ground bounda:y;' the energy and spa.itial distribution of cosmic~ray

neutrons should be quite different fro'lm that in the free atmosphere, be~ .- =

! !

cause of dis'c‘o,rii;inuous change of the élowing-doWn p‘roperties and the | ’ L

" rate of neutron production between air and earth., Accordingly, there
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and the neutron absorption rate near the boundary.

Although the problem E

‘was f1rst suggested by [Bethe et al 1940] ’ the posmble effects on neutron
- \ & ;
« distrlbution at the bounda.ry st111 seem‘to be poorly understood Be81des,

?

' we feel that there- is a serious lack in experimental data on the ‘absolute -

values of neutron flux intensities on the ground..

B

Fiegeal A

o In this paper, we, present our experlmental results on the neutron

N
.

. production rates and flux intensities and discuss the air-ground boundary’ s

effects on the neutron distribution on the basis of experimental data. ¢
Since the neutron-producmg radiations are of high energy, and are U

: !
directed predominantly in the forward direction, we expect that there_ is

\

. 'no air-ground boundary effect on the neutron—producmg rad1ations. In- -

other words,, neutron production in both air.and earth in the v1c1n1ty of
the boundary shovuld be caused by the neutron-producing radiations of the
| same energy spectrum, Thus, the well-known exponential expres'sion for
' 11'valtitude variation of neutron production rate in the atmosphere may be:

extended to the ground level In this paper, we discuss the boundary )

e

- Aeffect on the neutron flux intensities by comparing the‘_measure‘d neutron L
4 fluxes with those »that would be expected from neutron production rates in -
[P the absence of the boundary effect. . All the experimental data were taken

e -at White Mt. (10600 ft), Cahforma, geomagnetic latitude 7\ 44° N durmg 3

A

,August in 1964, and at sea level in the vicinity of Berkeley, _Ca.liforma,

during July through December 1964,

.

g R i e

Yot M e
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--’z MEASUREMENT OF COSMIC-RAY NEUTRON PRODUCTION RATE ,'

;" rate of neutron production. One type of experlment uses 1/v detectors

UCRL 16042 .

: To date, many experlments have been reported on the absolute L

:""w1th known sen81t1v1ty to measure the slow-neutron flux in the free atmos—h‘_.." N

: phere, where the neutron absorptlon rate is balanced by the neutron pro-

""--T'{"»duction rate [Davis, 1950 and Yuan, 951]

1

|

\

\

good agreement [Ladenburg, 1952, and Anderson, 1953].

i

§

This sort of experiment o

L obtal_ned have been compared, with good agreement, with the concentra-' ':fj;

: ,.-determunes the rate of production of ‘neutrons that escape resonance B

Y ivabsorptmn and reach the 1/v region. {The expemmental results thus o

“tion of 14‘C produced by neutron'captphre in the atmosphere. Witha

} PR
The neutron - .

.production rate in a certain material on the ground also can be measured ;" -

- if the rate of production equals that of absorption in the material. This

condition is created, for example, within a mass of material such as

water or paraffin, the dimensions of which are large compared with the

mean free path of the neutrons 'produced.

[Ko rff et al.

.1948] first attempted

such an experlment and extensive studies were reported by several in-

" Swetnick, 1954].

S

‘ 'vestlgato:s [Tobey, '19'49; Tobey and Montgomexfy, 1951; Lattimore, 1951;

Our experiments on the rate of neutron productiéh-w'e re similarly"

.+ made in water and in a paraffin pile. ‘According to[Tobey et al. 1951] a

‘,63.5‘,,- by 63.5- by 92-cm paraffin pile was large enough to establish neutron

g eq,uilibriurn in it. Experimental results' on slow-neut'ron distribution in

""'water made by [Swetnlk 1954] showed that the slow-neutron intensity

5

deep. - In the ec{ulhbnum region, where the neutron production rate is

decreases rapidly with depth and reaches ethbrlum at about 30 cm

equal to the rate of absorption, the relationship between the counting rate '

C g e

L
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s ‘lf of a 1/v detector and the rate o‘f neutron absorptlon in the medlum 1s

y /',_,:

|
’; expressed as [Bethe et al. s 1940] \ R R P S
, ‘ R .TBl 1t o
. l : Voo y E A
(RN where q is the number of neutrons per gram per second absorbed a.t the
‘ 1/v reglon in the mechum, p is the density of the medlum, TB and 'r
| .are the mean llves of neutrons in the '1/v detector and the mednun, re-'_
o F spectively,'\ R is _the,counting' rate per,second of the detector, and, V .is.‘,\t-'v.'

'the Volum‘e of the deteCtor in cm3; ln the above expressmn we have assumed
a 1/v varlatlon of the absorptlon cross sectmn of the medium. Actually,

L 1
Atwo ma._]or correctmns are necessary for Eq (1) First, smce the. slow- ‘:; p

4

i neutron flux around the detector in a relatlvely nonabsorbmg medlum IR

‘would be more Or less depressed because of strOng absorption of neutrons'

by the detector, the detector would see a smaller neutron flux than the

equihbrlum flux in- the medmm _ Therefore the f1nal result would be under-

g

: usually d1£ferent from,the calculated one.‘ Forza, OBF3 Proportxonal -
. 5 ‘i counter, for example, the d1fference arises from the self—shleldlng et'fect

: "'ff .__;_\ neutron absorptmn in the counter wall an error in the _iioB content in
; , -‘th'e counter, and other minor factors. V'I"hese facts necessitate an experi:- '
o rnental cor_rectié’n to-the sensitivity of the detec‘tor. ~‘Equation (1),;cor1.v'éctéd:':i,:,
o o " for the'_effects mentioned above, ma.y be written as . : v |

Vo T ey b

- _,: oy where Yy is the ratio of effectlve senS1t1v1ty of the detector to that» calcu-

< ! . ¥
lated, and f the flux-—depressmn factor. - ¢ . o
‘ ) . ke ‘ »
5 Lty
ey
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AL Measuring Equipment and Calibration

~-gas-filled proportional counter for measurement

‘We used a BF ;-

€

Lo 61’ slow neﬁtrons. .‘The detector has an effective volume of 4.75ecm dianl‘

96% - 10B--enriched BF

" by 24.1-cm long, which is filled at a pressure of 20 mm Hg at 0° C with

3n

.and 72% iron. The counter was used at the center of the plateau of the
o operating-voltage curve--~about 2800 V., The bias setting was such that

. gamma discrimination was proved in a gamma-ray field of 1.5 r/hr from |
124

Sb 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

|

'A“vﬂ\.lx was measured by comparison with a ca,llbrated In foil. A thin Irt foil ”

 was f1rst calibrated in the thermal column of the LP'I‘R at the Lawrence .
‘Radl'atlon Liaboratory, L:.vermore. Thgn the foil and the BEB counter .

' were e.xp_osed to an isotropic flux of slow neutrons in a.‘ ca,vity.within a

" thick concrete cube. "I‘h‘e slow neutrons were produced by a Pu-Be source .

within the cavity [Patterson and Wallace, 1958]. The Cd-difference

method was employed in calibrating both the BF; counter and the In foil.

| . The advantage of this method is that since the capture cross section of

_indium for slow neutrons can be approx1mated by the 1/v curve btlow the -

= 0.4-eV Cd cutoff [Hughes and Schwartz, 1958], both the In foil and the .

BF 3 counter may be regarded as 1/v detectors. Hence the relative sen-

sitivity of both detectors for slow neqtrons is mdependent of the energy
' . i ' T ’

distributionv of the neutrons, as meas}.xred by means of the Cd-difference -
method. Details of the expevimental techniques and results are reported .
~elsewhere. The effective total cross section of the BF, counter thus

determined fcfg’.;van isotropic slow-neutron flux with a Maxwellian distri- o )

'

bution at 20_°C is 9.05 cn_12 with art estima,féd error of about 10%, while -

The 0.16-cm-thick cathode wall is 28% chromium .
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; ‘,‘the Ma.xwelhan average cross sectlon calculated f:rom the content of
10,

T

B and its capture cross section is 10, 36 cmz.vi’m

B. | Experime'nt and Resulfs S

.

The rate of productxon of cosmic-ray neutrons was measured in

1 v j-f":"'f".'_ngh-Altltude-Research Station (10 600 ft), Rates in water were measured . ;-' '

at ‘thé de§pest-part {about 150 cm) of a small pond. The BF, counter,' | ' -
" .. tightly covered with a thin polyethylene sheet, was suspended about 100_cm'f’f§,. o

.., .from the shore at a depth of 40 cm. According to the experimental results

of [Swet:iik{'l954] , neutron equilibrium is attained here. .I‘n the case of the",f,,,il"

.. paraffin pile, the BF3 counter Was placed at the center of th¢ 60~ by 69-¢ by
o ' ; 9.6-cm"pi1é with a negligibly small air gap between the counter and pa;raffin-.'?: ‘ . !
: ' At sea level, experiments were al\so.vperfarmed in both water and ’g

-,41;Ahe paraffin pile. Measuvreme,nts in water_were carried ouf in é. private e

‘ . " sWimmiﬁg pool with a depth of about 3 m, while the paraffin pile 4employe_.d~

_' ﬁ”l .w_as 90 by 100 by 405 cm. Since, in either case, the counting rates were bs

very low, background events significantly contributed to the total counting : f ’

; rate. The background counts, caused by o contamination of thé counter ;'; : ”'

i s -;'wall and to a lesser extent by cosmic-fay bursts or recoil events were ‘:

. !_'  detérmined by placing the B.F3 counte"r covered with é, Cd shegt'in a : }"f

i -paraffin pile. This test was made at sea level and at the mountain aléitﬁdé:'::a ) §:&
v_.'There is no significant difference between the results at the two altitudes, . - i *

‘ indicating a negligibly small contribution from cosmié rays to the back- o ",M:f

. ground. It should be nlen‘tioneci that, although the nét counting rates in f ,
_water and paraﬁm were taken virtually by means of the Cd chfference, thlS QJ

UL does not 1ntr6§uce a s:.gmflcant error because of the neg11g1b1y small = , ’ -'
neutron capture in the energles above the Cd cutoff. | . o ) . ‘
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. The degree of flux depression around the counter in water or in the .

e péraffiﬁ'pile was experimentally evaluated. Counting rates were compared ;.

10

,.:'."for two gerﬁqetrigally videntical‘BFz’ ;:oﬁnters, one of which was: 96% ~°B
K fiem;-iched_ and the other 10% 105 depleted. These wefe embedded in turn
oo vll_iri th.e'pa;’rafﬁn piie with a Pﬁ Be neutron sourcé on i_‘ts surfa;:e,‘ bRelati.ve

. ‘v;séﬁsitiVity of thé two céuntefs» ﬁnde'r no flux-depression effect was'déter-

‘n";ined m the a'(ir By comparing the counting rate.s aga‘insi: slow neutrons

‘. from a paraffin-moderated neutron source.

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

'medlum could be reasonably neglected and a decrease -of the relative -
. !
«'countmg rate of the enriched counter in paraffin should be attributable to

‘the flux-depressmn effect. The expenm,ental procedures and necessary .

corrections to reduce the final results are described elsewhere [Yamashita '

+ etal., 1965] .. The flux-depression factor thus obta;ined for the enriched

[}
H

i paraffin, - This indicates a smaller ﬂuk-depression effect than the value

|

BF3 counter is about 0.95 in paraffin with.no air gap between the counter and

- calculated by Draper's formula for the case of an infinitely long cylinder.

|Draper, .1950]. It should be mentioned that an air-gap between the counter . = -

and the surrounding medium shbuld_ considerably reduce the flux-depression

effect. In what follows, we assume thatthe flux-depression factor in

- water is the same as that estimated experimentally in paraffin.

The experimental data on cosmic-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 measurements at 10 600 ft elevation, a neutron monitor

l éomprising a i;QB-enriched BF, counter covered with 2 in. -thick paraffin

o
‘:c'

moderator was installed on the roof of a cottage to monitor the intensity
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‘of neutron-producing‘ radiationsv’. in terms of fast-neutron flux. . The ne_utron' v , "f
" . "';i rriOnitor,_showed no signiﬁcant diurnali variation within the statistical error.' ! ‘";
N f;[fherefore we treat the experirnental data by correcting only for a change E E
rf;:'-;jil'of barometricpressure. The correc’llon for barometrlc pres sure, althoughq ” “:
e, R
generally less than the systematic. errors introduced by expenmental pro- . - E,
cedures, was made by usmg - A "- : ' S R ;
e B B O T
L A(po) = A(p) exp ("L“) e 3) 3 ?
» -4;.whereA(p) ;Ls thevmeasured countmg rate at a barometn; Vpressure 4:_
; o I T
g P (g/cm ), and A(po) 1s the corrected countmg rate at the standard BRI
pressure PO at the measurlng locat1on. .The attenuatlon length L for } ‘
the neutron-produc1ng radlatlon was taken equal to the gene rally accepted : j
§ "

' value of 145 g/cmz at a low a1t1tude, [Slmpson et al. » 1953). Standard\

pressure Py was taken as 700 g/cm at 10600 ft, and 1030 g/cmz at

*‘ - sea level "The expenmental results on the neutron production rate, - ’ P ’

i' corrected for barometnc pressure,. are shown in Table 1. .. s .' : o ‘ X
“ " To obtain the neutron producuon rate 1n neutrons per second per gram\

from the measured countmg rates, Eq. (2) was rewrltten for water as .. P v

.”‘%._'and for pavaffinas AR o s i
Cg=amxary et T »

: \'vhere we'u_se V - 428'crn31,' a thermal capture cross secti;on\_of_ 0.33 barn ‘1
for hydrbgen aud 4010,1.)arn.for 10B ‘a deusity of 1 é/cm3 for water and }"

| 0.9 g/crn3 for ﬁaraffin, y = 0.874 a.nd f=0,95 as descri’bed previously, ; i’{
x and R is the measured countmg rate in counts per second. In water, th‘e '” ':

'.,-, oxygen atom 1§5;"‘?i~espon81ble for neutrou productlon, while the carbon atom =~ i

' is in paraffin, According to experimeéntal results on cosmic-ray neutron -
' . : . e

\ t



Uretz, 1953; Brown, 1954; Ortel, 1954; Geiger, 1956], one can approxi-
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production rates in various elements [Tongiorgi, 1949; Simpseon and

mate the total neutron production rate per gram of an element of atomic
weight A by

q = const * A1/3 . - {5)

This empirical formula gives a relative rate of total neutron production

 from Table 2, This is considered to be due to the fact that the paraffin pilé S 4

in water, -paraffin, air, and earth as shown in Table 2, where the com~

position of the media is assumed toibe as indicated in the table. As

" - shown:in Table 1, the difference between the counting rates in water and

the paraffin pile at 10600 ft. elevation is considerably larger than expected =

used there was not large enough to establish neutron equilibrium, hence

allowing a significant contribution from neutrons produced outside the

parafﬁn pile. In connection with this, the following expe riment was carried
out at the laboratory to estimate the effect of external neutrons on the
60- by 69+~-by 90-cm) paraffin-pile system,. Three radioactive neutron

sources with well-known emission rates were placed at various positions

“on the surface of the pile, and neutrons were counted each time. Since the

R térnal ’neutr‘on?flux would have added 8.1, 5.1, and 1.6 cpm to the paré.ffin

"

neutron sources were known to emit neutrons nearly isotropically, the
counting rates -intggrate(i over the su1‘7face of the pilé should éorrespond
to the contribution to the pile from the external, isotropic neutron flﬁx'
with an intensity equal to the emissioz:} rate of the ﬁeutron source used.
The experimental results are summarized in Table 3; |

As will be shown iate.f, the intensity of fast-neutron flux on the
ground at 10 600 ft elevation was about 7.5X 102 n/érn?‘-sec, This ex~

pile system if the neutron energy spectrum resembled that of Pu-Be,
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Po-mock fissmn, and Pu-Ll, respectlvely= i On the other hand since no'
: .,contnbutlon from external neutrons to the counter in water was reason-f
i
2 ably assumed the dlfference between the. countlng rates measured in ..k

,‘water and in the paraffm plle, talo.ng into account the relative neutron

productlon rates in both medla, could be accounted for by the contribu- .

' tion from external neutrons to the paraffin pile. In this -way, the contribu-. S

~* tion of external neutrons in countmg rate to the paraffm p11e at thea White

Mt experiment was found to be 3.8 cpm. This result combined w1th 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 mlght stlll be '
a small contribution from external neutrons to the paraffin-pile system.

Since the nettron production rate was measured in the rnedium, a. |
e correctmn is necessary for attenuation of .the neutron-producmg radlations L
. durlng passage through the medium above the counter. For a mean free .

- path of 145 g/cmz for attenuation of the neutron-producing radiations in. %

the atmosphere and a geometric cross section [Brown,_,' 1954], the neutron '

productlon rates at 40~ and 50-cm depths in water were found to be 73.2 f;':_.‘

. and 67 7% respectively, of that at the water surface. Therefo_re,' the cor-
- rected neutron production rates in water were found to be 1.28X '10-4 n/g-sec . e,

' at 700 g/cm and 1.85X10" n/g -sec at sea level, as shown in Table 1.

Sy -
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-3, MEASUREMENT OF NEUTRON FLUX

A Expenmental Method

Y

Durmg the experiment on neutron productmn rates, data were also

ta.ken on flux 1ntenS1ues of slow and fast neutrons:oniithe ground For slow

neutrons, the same BF3 counter as described previously was used, while

!
1

L

the counter for measurement of fast-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 con31dered to have a satisfactorily flat response

- over 1ntermed1ate energy regions; the latter supposedly was most sultable ‘ .

for measurement of neutrons with energies from 0.1 to 40 MeV. The

energy dependence of the sensitivity of these moderated counters for

‘directional neutron fluxes was determined experimentally from 1 eV to

10 MeV. Howeve r, since the spatial distribution of the fast-neutron flux -

on the ground is considered to be rather isotropic, the angular dependence

i ‘s ' . .
of the sensitivity of the moderated counter must be determined. This was

also determined experimentally by using various radicactive neutron

sources of different energies. Details of the experime.nt are described

elsewhere [Yamashita et al., 1965]. Combining the energy dependence
curve of sensitivity for directional flux with data on the angular depend- '
ence, we obtained the response curve of the moderated counters with

neutron energy for isotropic fast-neutron flux as shown in Fig. 1. The

absolute sensitivity of the moderated counters was determined at energies . -

- of 25 .keV and 4.2 MeV by using SbBe and PuBe neutron sources with well- i.-"'.;:

known emlssmn rates. Since the moderated counters do not have flat

& 5
\

- responses over the energy ra,nge of mterest (1 eV to 10 MeV), an a,ccurate

" measurement of fast-neutron flux requires z.n.formata.o'n on the neutro_n '




3".,»‘energy spectrum The energy spectrum of cosmic- ray neutrons has o

?Abeen investigated experlmentally by ﬁvhyake et a.l =1957] and Hess et al
14959]. [Hess et al, 1961] have theoretlcally treated the neutron energy -_‘;'.-;..1_‘;

e, spectrum by using multlgroup diffusion theory [Newklrk :1963] has also

R calcula.ted the energy distribution by means of the numerical multlgroup L e

' Sn method From the results of these 1nvest1gatlons, we can describe

. vapprommately the energy distribution of low energy neutrons in the free o .;,-:', f o
L a.trnosphere as follows. The neutron flux 1ntens1ty per unit energy mterval e

decreases with energy as E 1. from 1 eV up to a.bout 0.1 MeV, owing to" A

elastic scattering with little absorption in the slowing-down process. At' at

;++' the energy region between 0.1 MeV and 1 MeV, the energy spectrum has -

‘a bump due to neutron evaporation. Above i MeV, the flux intensity de- .

. creases rapidly with energy. The reported results of the energy dlstr:.- ? (

. _bution are con81dera.bly dlfferent in the energy region from 0. 1 to 10 MeV | |
. Recently, [Mendell et al. :1963] apprommated the differential ene rgy - ' ti

. “{ig spectrurn in .n/cm‘z-sec»MeV between 1 and 10 MeV by ; power law of the."::f L

" form K ' o : .
. 4B =const.ET T ()
" and compared their experimental results obtained by balloprt',;fltghts with ”h“ 1

: the reported ones to show that n. ranges from 1.16 to a‘oout 1.74, as .
‘shown in Table 4. The energy distribution of th.erma,.l neutrons in the _V
. - atrnosphere‘has 'been theore,ticaily treated By several investigators a.ndv
reviewed oyIHees et al. {1959]. 'Although the results do not differ ap-ll

L ‘preciably from each other, the expression based on theory for a heavy,i'f';

LI gaseous moderator given by[Poole et al. {1958] is supposedly the best

, However, it should be noted that the energy dlstrlbutmn

i
»

e app rox_lmatlon

v MP

of thermal neutrons described above is valid only in the free atmosphere._, '
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" In the vicinity of the air-ground "boundary, the bouﬁdary effect should be _
v‘ governed by the fact that the earth has a émalier aEsorption Cross s'etction.‘;' -

v

for slow neutrons and a larger slowmg-down pOWer than air. Thus, th'e‘

|

lower energy part of the neutron spectrum should be more subject to the -
boundary effect. ' '

To obtain the fast .neut.ron fluxes froxﬁ the countmg rates measured
bir two differently moderated detectors, we assume the following neutron .-
'eﬁérgy's?‘“tr“m in sn/cm?-sec=MeV on the g.rou’_fld in the smergy range . <l .
. from 04 eVto 10 Mev: o

‘s '

CGE)= Cy/E, | (04eV < Es<OM MeV)
# Cg + ‘C4E - o (0.1 MeV < E <1 MeV) T

4,

Here C' CZ’ C3, C4,' a.nd n are constants, C3 and-‘ 04 are exéressed in

terms of C1 and C, from the contmmty of the spectrum at 0. 1 and 1 MeV,
il and. C1 and CZ are to be determmed from the counting rates in the follow~-
' ing way. _ . ‘ I . -y
The observed counting rate, R, is given by -
10 MeV. o ': SR f
R= [ - ¢E)n(E)dE, (e

0.4 eV R . i

where M(E) is the absolute sensitivity ae a function of energy of 'the mod; ' o r
erated detectors for an isotropic flux. This sensitivity is obltained for both ' i T.E»‘
the 0.95in. -polyethylene- and 2-1/2-in, -paraffin-moderated detectors from' l
the data shown in Fig. 4. The integral can be numerically calculated é.ﬁd -
thereby expressed in terms of Cy and Cs,. ‘Accordingly, from the meas-' .. :
ured countmg rates of the two moderated detectors, we can write the si- 1_: S 1,,

;\

multaneous equatmns
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k

-
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'-“.'where k 3 is known and R “is the observed count:.ng rate (1- ‘1 Z j= 1 2)
K Smce for a moderated counter, neutrons produced m the moderator could
2 contrlbute sllghtly to the countmg rate, a correct:on must be ma.de. The

L contr1but10n is assumed to be proportional to the welght of the moderators. i R

.. For the 2-1/2-in, -paraffin-moderated detector,_ 6% of the total counts was ;:“‘3 y

o taken to Be_'due 'to the local neutron production in the moderator, after ‘the - . ;

result obtained by [Kent :4963]. v .

The. spatlal and energy dlstrlbutlons of slow neutrons very near the | ‘ Lf

."“ground are greatly affected by ground. condlnons in a comphcated way.. J “

T However, in approxrmatlng the thermal-neutron energy distribution by a . )

._',f 'Ma.xwe'llian, we can reasonably stateéthat the thermal-neutron temperature'““ ‘

near the ground is determmed by the heutron-dlffu81on propertles of the | , \

lfiz- earth rather than of the air. This statement shou].d be supported by the fa.ct, ) c

, to be shown later, that thermal neutrons near the ground come preuoml- ;" P :'

: nantly from the ground. In what follouvs, then, we assume a Maxwellian w

., distribution with a certain neutron temperature for_the therrnal. energy .. s '\

r.dis_tribution near the ground. N | ;., ‘;

\:‘_' B. Neutron Fluxes on the Ground R : o

Meaeurements at 10600 ft elevatmn were made about im above the' e x

dry ground with the detector axis parallel to the ground surface. At sea ’ . ‘

v “level, expenments were mamly conducted in a four- stoned concrete bulld- " : A ;

| f":f,':\v”mg Data were taken at each floor, ‘as well as on the roof of the bulldmg - ,
l“. . The bu11d1ng Wa.,s a public garage in the Clty of. Berkeley. The ga.r'aae was so

o -1arge and had such a low ce111ng that the experlments in the buzlding were
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' considered to be a simulation of measurements at various depths in the

ground. An advantage of the experiment is that the composition of the

‘concrete can be taken as approximately that of the earth with constant moisture

content. In the building, an unshielded BF3 c0uhter, a.9/10-in; poly-
ethylene counter, and a 2-1/2-in. paraffin-moderated counter were op-

erated simultaneously with about 4 m separation between them. . The

- experimental results thus obtained are summarized in Table 5. The

neutron fluxes determined from the counting rates are shown in Table 6.
The fast-neutron. fluxes were obtained by integrati.ng Eq. (7). The total

neutron fluxes from 0.4 eV to 10 MeV differ by only few percent when n in .

Eq (7) changes from 1.16 to 1,74. It should be noted that s‘mce both the

, seneitivity of the moderated detectors and the flux intensity of the neutrons

répi"dly decrease above 10 MeV, neglect of the contribution from neutrons

above 10 MeV to the counting rates does not introduce a significant error.

Neutron energy spectra obtained are shown in 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 the thermal-neutron energy distri- . °

bution is expressed by a Maxwellian with a neutron temperature of

1.75 TO(O K), where -TO’ the tempefa.ture of the measuring location is

~taken as 293°K. This is' discussed again in a later section. It should be

noted that, in a "‘well-diffusing medium, the neutron temperature approaches,

Ty, while in the free atmosphere it is found to be about 3Ty because of

strong neutron capture by nitrogen. F‘he intensity of the thermal-neutron

. f.lux obtamed from the countmg rate of the 1/v detector varies by a factor T

of ~ '\/_f; wheﬁ the neutron temperature changes from Ty to 3'1‘0\, ) |

{
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- f'zf‘“ Results of expenments in the park_mg gara.ge are also shown in . o

_1\‘

Flg. 4 After the trans:\.tlon reglon is passed the slow-neutron count:.ng

A3

ra.te decreases exponentz.ally w1th depth - The exponennal part of the |

. curve could be accounted for by attenuation of the neutron- producmg

. ‘.Jrv‘l',?}j radiations. A rough estimate of 25 g/cm for ea.ch thickness of the re- - v
T “inforced- concrete floor of the building ylelds an attenuation 1ength of a.bout o

- . v_- [

.. 170 g/cm2 for neutron-producmg radlatlon. The countlng rates 1neasured,»-d_z

T by the moderated detectors seem to decrease more rapidly with concrete . - P
ST -; " thickness near the roof until a secular equilibrium with the neutron- . -
- producing radiation is attained at the lower floors. The ratios of countmg | L 3

e 8 oot ', :
‘rates of the two moderated detectors taken on the roof and at each floor

remalned rather constant, 1nd1cat1ng thatv the neutron energy spe_ctxum 1 .
‘ does not change significantly on the roof and inside the building L ;s
. h .. It should be mentioned that in deriving the oeutron flux intensitiesljéz o
\‘ ‘shown 1n Table 6 from the measured counting rates, an isotropic neutro;x '. 5
§1 flux distribution was assumed on the groond. HoWever, as will be dis- .- 1 o

. - cussed later, this is not acfua.lly the case for both the‘rmavl and fast-neutron:

- fluxes, especially for thermal neutrons. If anisot‘ropy of the flux distri-

Bution is marked, and the sensitivity of the detector changes considerably

L3

with angle, a correction will be necessary for the measured countmg rates,

depending on the direction of detector axis. However, we will show:: later o
that anisotropy of the fastj»neutron flux on the ground may be neglected. o

C. Angular Distribution of Thermal Neutrons on the Ground *~ . Jen

- slow-neutron detector (bare BE3 counter) was collimated by using a cone : ST A

covered with a Cd s;;he"et in such a wa.y' that the detector measured gnly -



P

~ harmonics expansion

- far the upwérd direction. Here 11 (6) is the sens:.1:1v1ty of the detector a.t

7., ~+ UCRL-16042

tho'se thermal neutrons that entered in a solid angle of 21r(1-cos66‘5) in a
certain direction. A Cd collimator with a smaller solid angle was first

“made, but the counting rates with this collimator were too small to yield

good statistics. Since the collimated solid angle used was comparatively

' lafgé, ‘data were taken for only two direction's, u;;ward and downward. The

" experiinental res’ul'rs.are sinown in Table 7.

In accordance with the dlffusmn apprommatlon [Glasstone and
Edlund 1952a] we express the angular dlstnbutlon of thermal neutrons

near the air-ground boundary by the flr‘s_t_two‘terms of the spherical-

[

F(x,0) = z0(x)+3 Jcos. ' @0

- Here F(x,0) is the neutron flux through a ring element of area 2T sin 6d6 .

with direction between § and 8 +d6" at a distance x from the boundary.

The total neutron flux‘is

olx)= | F(x 0) ’sih:eae, e (11)
0 ‘ .. : v L

"and J is the neutron current through a unit area in the upward direction.

. The counting rate with the collimator is givén by

660 o - _ -

R, = 1 (¢ + 3T cosf)n(f)sinfdd = - o (12) 3

for the downward direction and by
R, = 1[ (6 + 37 cos 8)1 (8) sinHdB , (43) ¢
. T=66° - SR S
i

angle 0, bemg taken as unity at 9 0orm, Substltutmg R1 =4.70 and. :

R2 =2.69 into Eqs. (12) and (13) and using the .experimental results for the
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8.44&0.35 n/sec

n

0. 882i0 160 n/cm -sec -

on the ground From the angular dlstnbutlon obtamed above,

’j 'icountlng rate of the sl_ow-neutron detector is -

-0

F(x, 6)1(0) sin6d0 " .
0 o L

6 17:9:0 26 cpm.

PREN ¥
ROT
.

B

; ‘-{Thls ca.lculated result is in good agreement w1th the measu}red value, '-"

6.5340,29 cpms i
' , ‘In the vicinity of 'the air-earth ‘boundar‘y," the thermal—neutren:‘i?ﬂux_v .

‘at. a dlstance x in g/cm2 from the boxundary is-;approximately_ L ",‘ ‘
L ' ¢(X) ¢ (0) +x (d<l>/dx) ' e (16) -5

' ; where (d¢/dx) may be obtained by dlffusmn appro;clmatlon' L S

‘ X ' : " :

= -(1/6) (d /dx) i ! PR b (17) s
- ¢ -0 Z (earth) Zs(alr) : \' : ;l_, . ’ "’-.“ N Iv f Iij
Here Z (eartlb and Zg(air) are the scattering cross sectlons of the earth
‘and air, respectively. To obtain the s'cattering cross section‘, the com- B
o POSitiOH'Of t;he earth wae taken.for‘the first ‘apDrOxirnation to be the same as’
\ . RO -',:4»‘:‘ .)

the dry 3011 of the Nevada Test Site [Allen et al., 1963] - Substituting - . b e

¢ J=0.882, Z (a1r)-0 369 cm /g, and Z (earth) = 0.322 cm /g mto Eq. (17), e 'l",:::"’

-';.'; we obtain (d¢/dx) = 0.91 cpm per g/,cmz. These results 1nd1cate that the ;e

o 7.1
. > thermal- neutron flux in the ground increases rapldly w1th depth in such a
| ' way that it beco%es tw1ce the surface value at a depth of . "'10 g/cmz'. ThlS

is in good agreement w1th the experlmental results from the parkmg garage.




. anisotropic flux distribution is considered. | - - L

' I.t should be noted tha,t the thermal neutron fluxes on the ground at 10600 ft ’

S ﬂux distribution, become about 15% higher than those shown in Table 6 wher; TR

have been made at various altitudes and latitudes, the results differ con-

g Nn
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elevatmn and sea level, which were determmed on the acsumptlon of 1sotrop1c S

4, DISCUSSION

A. Cosmic~Ray Neutron Production

* Although many experiments on cosmic-ray neutron production rates = =~ """

siderably. ' To compare our results with those reported previously, we

- briefly review the other results. o

lCd-differenc_e"'?c‘ounting rates correspond to about half the rate of absorption L

"of neutrons captured in the 1/v:region [Anderson, 1953]. [Davis '1950] used " ~

In the atmosphere, fhere is a small but signi'ficant anﬁount of i_*eso-.
.nancé éapfure of neutrons with ene,rgies.aibove 0.5 MeV. Below this_'energy,‘
the neutrons are captured predominantly by 1/v absdrptiqn. In the fbllowing','-. .
we discuss the number of neutrons that escape the 1'"esona.nce absorptj.on é.nd
reach the 1/v region per second and ‘per. gram of air.. For simplicity, we '
set this number 'equa.l 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, measure- | E ' . ;
ment of slow neutrons in the free atmosphere; secc')nd‘,' measurement of the
neutron energy spectrum as well as the neutron flux intensiti‘es in the free ‘
atmiosphere; and third, measurement of slow neutrons in a massive sloWingé } A
down ' medium on the ground.

ffuan "1951] measured the slow neutrons m the free atmosphere by : -

means of the Cél—difference method by using calibrated BF3 counters, The ' 3:?

wi g



‘ used, as the source neutron 1ntenS1t1es, the data obtamed by E’Smlth et al f,u_;‘; -

’ '.[fSwetnik :1954] measured slow-neutron flux by the Cd-di_fference method at

Lo unshlelded BF3 counters 1n the free atmosphere whlch d1rectly measured - Sy

' the neutron absorptlon rates in the 1/v' reglon. As pomted out. by LLattlmore o

‘,;'used a low value for the absorptlon crdss sectlon of air. [Hess et al,

| 1959, 1961] experimentally determmed the equ111br1urn neutron-energy o

N t"

" be calculated D\Iewklrk 1963] calculated the neutron energy spectru:rn and

? .‘A1961] . The neutron absorptlon rate in the 1/v‘ reglon calculated from * -
: Newkirk's results agrees with that of Hess et al. in the equlllbrlum regxon,\ \’1 s 4,

: when the data z are’ translated tothe same geomagnetlc latltude. [Korff et al "

o counter with-water~filled cans. Smce the water moderator was thick
_enough, it is considered that the measurement was made 1n an eqﬁilibriul:r'n".; )
" ‘region in water.. The results are recalculated in this paper by. using newer; '
“cross section data for hydrogen and boron‘j [Tobey et al. .1949] measured._:' e
- the neutron production rate in paraffin. Howew}er,' since they. employed ... ,J ,
: nearly the same paraffm pile in dimension as we did at Wh1te Mt., the S
: results may have been overestimated because of the 51gmf1cant contnbut:.on '
- from external_neutrons. [Lattimore 3.1951] used boron-loaded nuclear PR

emulsions to measure slow-neutron flux in massive ice at mountain altitude.. . ;.
© an equilibrium region in water, using an estimated neutron production rate. - . .

“depression effect around the detectors 1n water, the results would not be '_‘. A&- W
affected mgnificantly. However, his results must be- multlph_ed_by-a factor.[;
“of 2 for the same reason as that for [Davis ;1950]. Experimental results . -

 reviewed above are shown together with our results in Fig, 5. All the data .-

. Poes) . . I
L A . sy T e

"Although the data were not corrected £o~r poseibie occurrence of the flux- . Lo

S-20- A - UCRL-16042

)

1951] hlS results must be mu1t1p11ed by a factor’ of 2.4 because he wrongly

~

'spectrum, from which the neutron abso rptlon rate in the 1/v reglon could

!

1948] made measurements at mountaln altltude by surroundmg a BF3

L

YL T

-

*
RO

RV
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 were transferred to a geomaghetic latitude X\ = 44°N by using the experi-

. mental data of [Simpson-1951] o‘in the latitude variation of neutron inten-

sity at about 300’g/crn2 altitudé, the data of ‘Eimpson and Fagot ',_1953] at. .

about 680 g/‘c:m2 and the res'ultslof-[Ros'e et al. ,1956] at sea level. Neutron
capture by the reaction 160(n, a) 13C (with a threshold ‘energy of 2.3 MeV) is

unimportant in air [Seitz and Huber, 1955]. However, it should be noted

" that neutrons produced in water are slowed down to the thermal region’

without significant loss. Therefore, if the same number of source neutrons
is produced by cosmic rays in water and in the air, more neutrons should
be captured in the 1/ region in water than in the air.

|
The absolute values of neutron production shown in Fig. 5 differ as

" much as a factor of 5 at the same altitude. In extending the exponential

variation of the data of Hess et al. and Newkirk to sea lével, we see that
their results are larger by a factor of 3 than ours. The differences might
be partly related to the time variation of cosmic-ray intensity associated
with solar activity, although their effect is not thought *i".,o be appreciable
at lé)wer altitudes. Therefore we have no full explanation for these large

discrepancies,

B. Neutron Fluxes at the Air-Ground Bdunda.ry

As described previously, ne;ztron fluxes near the.ground are not in
equilibrium with the neutron-producing radiations. In what follows, we
discuss air-ground boundary effects on the basis of the experimental data.
One of the most prominent effects at the boundary should be a marked
increase of earth~born thermal neutrons, by which we mean neutrons of

energies below‘t.he' Cd cutoff,

L

b ' '
In the fréé atmosphere, where the neutron production rate is equal

to the neutron absorption rate, we have



'.sorptlon and reach the i/v reglon in n/g sec, , -8, h is’ the thermal neutron ; K

s pressed by the 1/vlaw for bo_th thermal and fast neutrons. On the 'other- o

.v'f'-_'h_and,v the Cd ratio is | : ' o o P e
ij - ch ) Eth;a+ ‘I)f ) Ef,'a .
;- Cd ) o ﬁ -
, £ " fa

- ﬂux below the Cd cutoff in n/cmz__sec, tI’f is the flux of fast neutrons of 5 -{,‘}'..‘

energles between the Cd cutoff a.nd about 0 1 MeV 1n n/cmz-sec, éth, a
""'.’v.the effective absorption cross 'section for thermal neutrons in cm“/g, and N
éf;e is the effective absorptlon cross section for fast neutrons in cm /g. “ "

The absorptlon cross sectlon in the energy region of 1nterest may be ex~ s

- j'to be 2. - . ‘ . K b
> L. A ) ‘r'

Next, we estimate the effect:.ve absorptlon cross sectlon of air for j . ’

thermal ne’utrons_, Which is given by K s 3 )
5 ] e ¢th‘E) BUENE e n e

' th a_' 04eV , j’: ST

.. ) ' f ¢th(E) dE . ., . (;l e " ‘

’ . -\ PR ‘ "”.'." ! v '- A ;:.(11

with a shifted neutron temperature:
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 6g(E)=comstr E expl:E/kT). . - (22

‘Thé 'shifted neutron ferhperatur_e, Tn is obtain'ecllrbyvusing the formula-

- of [Pool et al: ;1958],

+

L
s

- - s . adyd ¥} ' o ] , ‘ .- v : I}"
T, =T (1_ +0.91 F a4, .&.,S,._;> Lo @y

‘where T is the température' of the medium in K, a, is the fraction of N

. atoms of élement i with an atomic weight Al, o, i'is' the capture gross
. . : . : . L. 2 . .

: section evaluated at an energy kT, and 05

is the scattering cross section, -
H . X : B

'Using the cr‘oss-sectionvdata given by [Hughes and Schwartz 1958], we find
' .Tn to be about 2.9 T .in the free atmospherg. Thc capture tross section of

) air at an energy E(eV) is E:a(E): 0‘.0.0‘99 E-i/; .crﬁz/g., From these data - - '

2

. we find it 'a‘to be about 3.2X10" cmz/g.‘ Hence, from Eq. (20) the

h,

" .thermal-neutron flux in the free atmosphere is !

o4 = -——Q—-—TZ—X}— = 15.6 q ;[ﬁ/;mz-seé] .o -(-24')4
3.2X10 2 N K
The same sbrt of discussion can be a,'pi)li:ed to the. t'herma.lv-neu..tronr;' '
fluxeé in an equilibrium fegioﬁ in thev earth. In thié case, 'beca.,uSe the
absorption crc;ss section of earth materials is much smaller thaﬁ that of
air, the dd ratio measured with a 1/v detectdr éhoulpl b,e‘ much greater |
than ﬁnity. This‘ ass@ption leads to the following approximation for theA ;‘. 1
thermal-neutron flux in the éarth‘instea;d of Eq. (26): L
P g N U
th, a

BRY . ! s e
. . . H A 3 €
BN ) . . FEA

As a matter of fact, because of the considerable variety of earth’
5

c0mpositions,':jﬁarticularly water content, the therma.l-neutgon energy

distribution, and hence the value of f’th a in the earth, should be variable;'



i

: \.f To see the var1ance of ‘the effectwe absorptlon cross sectlons of earth we oty

i-estlmate the values of zth 'a for known- comp051t10n samples of Nevada IR C
’ AP '

-.,_.“:‘> q, expressed by an exponentlal functlon, may be extended 1nto the earth by
o . )
i

‘Q' Lo e SR UCRL 16042

' l

\ . .-',t. PR

v J | Test Site soil with dlfferent molsture content [Allen et al., 1963] The ..« ..t -
. S thermal neutron energy dlstrlbutlon 1s. agam approxlmated by a Maxwelhan P d ;
w1th a shlft'ed neutron temperature., The .s01l compos1t10ns, the correspond- " “ ‘
| 1ng neutron\temperatures’ and the effectlve absorption cross sect1ons are- ‘.
o ""-v;"j-shown in Table 8 Fromy these data, the thermal-neutron fluxes Am an * ;
;Q‘-"v_equilibriu.rn region in the speciﬁed soils _are;\v 3 o - ,"‘..__:'" l- ‘
. (thh o= 355 q (1n dry s01l) o . '
| = 322 q. (in 50% water saturated so:.l)l , w
. ;:.v- 235 q (m 100% water saturated 8011) B ;r
'Note' that fthe“_‘_equ:ilillblri?um‘th.e‘r'mal'—_neutron flux is ‘greater in the501lw1th B
srnaller _rnoisture 'contentvbecause of the higher absorptlon cross seotion". R -
' ‘ ‘.of hydrogen. .The alt1tude varlatlon of the neutron productlon rate m alr, .

‘)

multlplymg by a factor of 1. 1 to correct for an increase in the neutron pro- BRI

o duc_tlon rate in ear_th as mentioned prev1ously. B A

‘ est1mated in F1g 6 by connectmg the equ1l1br1um thermal-neutron fluxes in

thus 1s obtamé% for Nevada dry soil. The slope of the curve near the boundary

‘the earth). The thermal-neutron fluxes near the boundary,are graphically L

. It is quite difficult to predlct the 'evxactvth'e_rmal flux intensity near. .’ | i
the air-ground boundary. However, it.seems reasonable to a's-sume, frOm.‘ Zi’.;
experlmental results, that the thermal-neutron flux should be in equlllbrxurn S
.with the neutron productlon rate at a dlstance from the boundary of more than I

5 mean free paths (about 100 m in air at sea level and about 15 to 20 cm in »v

P

the air and the éarth The thermal neutron flux 1nten51ty near the boundary s

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 -

- Jboundary, 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 use the slowing-down theory and neglect resonance absorption in the

process, the fast-neutron energy spectrum in n/cmz-‘_sec-'MeV‘ in the energy - -

 sorption and reach the 1/v region in n/g-sec, and ng is the slowing

.power in cmZ/g.; The slowing power for air (80% N, + ?.O% 2) is found to '

region below 0.1 MeV can be approximated by

. ,
E) = q L. s ’ . e 27
where q is the rate of production of neutrons that escape resonance ab- e

-2

be 5.167X 10" cm /g For Nevada so1ls, it is shown in Table 8 Since

possible boundary effects might occur within a dlstance from the boundary

i of the order of the root-mean- -square, dlstance necessary to slow neutrons . BN

l . P ]

‘ to thermal energiesfroman initial energy ofafe..w MeYV, Eq. (27) should be

- valid only beyond this dlstance from the boundary. The root-mean-square

is found to be about 90 g/cm2 in air and about 52 g/cm2 in Nevada dry soil.

In the v1c1n1ty of the boundary, the fast neutron flux intensities can be

distance traveled by a neutron in being slowed down from 2 MeV to 1 eV,

calculated from Fe'rmi age theory [Glasstone and Edlund 1952 p. 181]

graphically evaluated in the same way as for thermal neutrons, by connect-, = 7

ing; the equilibrium fast-neutron fluxes in the air and in the earth. The
fast-neutron fluxes thus estimated near the boundary are shown in F1g 7

for Nevada dry 5011 It can be seen from Flg 7 that the fast neutron flux =

,near the boundary is lower than the value expected from the exponent1al A n

,varlatmn in the free atmosphere The - experlmental results of the



. ’the boundary, since the dev1at10n from a 1/E spectrum below 0.1 MeV is “ ¥

- _:quantltatwely Although there are still several uncertamtles, we now -

N
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fast neutron fluxes obtalned in the concrete bulldlng as shown in F1g 4.
’ are thus explamed by the boundary effect demonstrated above. The equ:.--.-

o 11br1um energy spectrum for fast neutrons should not be much affected at

e

A

not appreciable and the error in the measured fast neutron fluxes 1ntroduced

' "'by assuming avi/E_spectrum.would be of the order of the experimental error. EE

C. Comparison of the Calculated and Measured Neutron Fluxes 2

at the Air-Ground Boundary - o S - Do

In the foreg01ng section, we have discussed the p0551b1e air- ground

boundary effects on the slow and fast-—neutron fluxes s:.mply but rather

icompare the measured neutron fluxes to those calculated by using the neutron-

L productlonudata._ We assume that the compos1t10ns of the dry soil at Whlte o

14

Mountain and of the concrete of the parking garage are similar to that of the g
" ‘Nevada Test Slte dry soil. The spat1a1 and energy dlstrlbutlon of thermal 3 ) E
neutrons at the boundary is. assumed to be such that the neutron temperature -

is 1. 75 TO and that the flux is 1sotrop1c. It is unlikely that the error of

L the thermal neutron flux 1nten31ty determined on these assumptlons exceeds .

50%. The fast-neutron flux is calculated by 1ntegrat1ng Eq. (27) from 0.4 eV ‘ :

-2 1

to 0.1 MeV. In this case, we usé 5.167X10”° and 1.60X 40" cm_z/g as the

. slowing power of air and soil respectively; hence two different results are ‘
obtained. . The measured fast-neutron flux should be betwe’en the two calcu- L ‘f;f’

l
lated values. For the neutron productlon rate, we use our expenmental results .’-;

'measured in water, that is, q=1. 28)(\10 n/g-sec at 10600 ft elevatlon and e o

. q 1.85X 10 n/g -sec at sea level It should be noted that the total neutron ’_ _ '
| Lt
productmn rates are shghtly higher 1n a1r than in water, as shown in 1 R

. Table 2, However, in the air a small but significant number of neutrons LI N

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 11953],
the pl'obability that a 2-MeV neutron can reach the energy region below '

0.1 MeV without t:apture is 0.86 in the free atmosphere. Therefore, the

rate of production of neutrons that can reach the enefgy region below

0.1 MeV is slightly lower in air than in water. A cOmparison of the meas- _

" ured and ca.lculated‘ flu'kes is shown in Table 9.

From the calculated fluxes in Both air and soil, 'the probable neutron -
flux on the 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 calcula.ted_ neutron flux..es are ina

~ good agreement except the fast-neutron flux at 700 'g/cm2 elevation. That -

the calculated fast-neutron flux at 700 g/cm2 is lower than that measured

‘seems to be due to the fact that the measured neutron production rate at

700 g/-cm2 elevation is lower byba factor of 0.7 than the value éxpe,ctged e L
from the data at sea level and an exponential variation with'a mean free

éath of 145 g/cmz. We believe our experimental data o'n‘the neutron
production rate at sea level are mbre rel.iable thé.ﬁ those taken at 700 g/cmz.'.‘
In conclusion, we feel that éur experimental results reported iz_1 this paper |

are the most reliable 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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embedded in the pile; therefore, our data taken in the paraffin pile were
abandonled. Also, the reported data taken by Tébey et al. in nearly' the
same size paraffin pile must be cortected for the external neutron con-
tribution. T.he experimental results determined in water yield a neutron-
production rate lof 1.85X 10-5 n/g—sec in water 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 the ground, the approximate pfofile pictures of slow- and fast-
neutron dis‘tribution 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 approximéte
profile picture of the neutron distribution near the boundary. It is shown
that both the thermal- and fast-neutron fluxes on the ground decrease
when the water_cohtent of the soil increases. It should be of interest to
-note here that Gorshkov et al. [1964] recently reported their findings that
the slow-neutron flux on the ground is more than 3.1 times that over water

bodies.

The measured neutron fluxes are compared with the calculated fluxes

from the neutron production rate. They are in agreement when we take
into account the uncertainty of the neutron diffusion properties of the

surrounding media where the neutron fluxes were measured.

 (iv) .Anisotropy of the thermal-neutron flux on the ground was measured,

and the angular distribution was well fitted by the first two terms of a
spherical-harm_onics expansion. - 'When this 'anisotrépic flux distribution
is considefe_d, the thermal-neutron flux on the ground at 700 g/.cm
elévatién, whicﬂ was detci'mined'on the assumption of isotropic flux
distr'ibution; beéomgs about 15% higher. It can be shown that ahisotropy

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 10600 ft
' Backgrouﬁd counting : »
. rate, BF3 countér (cpm) 0.710+0.020 0.740%0.020
Net counting rate, * - o ‘
Cd difference (cpm) 2.46 £0.,14 o 5.19 £0.18
Neutron production | ' -5 : 4
rate (n/g-sec) . - (9.38+£0.45)X10 (2.82£0,1)X10
. Corrected ratel . | ‘ ’ 4
(n/g-sec) = - -~ (1.28%0.06)X10 ‘
At sea level . - o :
Background counting o ! : |
rate, BF4 counter (cpm) 0.682+0.015 = 0.708+0.013
i : L - .
Net counting rate, g « . ' oo
Cd difference (cpm) 0.327£0.029 . 0.267 % 0.‘022 (
. Neutron production | : ; S 5 , : .5
' rate, (n/)g-sec) ' (1.25+0.11)X 10~ < (1.45%£0,12) X 10
i | | . | |
Corrected rate . . ) SO
(n/g-sec) T (1.85£0.16)X10°

sk o co
. -Corrected for barometric pressure.

‘ ¥ Corrected for attenuation of neutron-producing radiation in water.
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Relative rate of production of cosmic-ray .

v

* neutrons in various media, - -

Density K Relative',pxn'oduc_:t‘ion;}ate"

R 2

. Table 3.

pile.

. Paraffin, (CH,)_ . . 090 - 7 0876 ..
Alir, 4N2+02 o L e ‘. 1087*
. Earth, SiO, ; i 11,233
::4. S o : : ‘!.‘. ;.:’ J

F) . e B EE

RN - SN e et Yy [

S

- The systematic error of the experiment was estimated to be

better than 10%.; Isotropic distribution is assumed. .

o
2 20

Lo

-Effect of external neutrons dnv'thve'él_()- by 69%—_byk96-‘v_cmﬁpara‘ffin‘ L

i L -

Source " Neutron energy Neutron flux v, 'Counting frate;

(MeV) (100 n/sec) (cpm/n~crm‘2-sec':‘-

‘ ‘. lPu-Be

-~ .Po-mock fission " 1.5 : 0.2145 - 68

. Puili

4.2 n 1,565 108

0.4 2579

[ : N
-
-
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'vTab'lé 4. Comparison of the reported neutron energy spectra

n.

approximated by E™" in the energy range_.fr_om,_.i'_to_iO_MeV. '

n

1,16

1.24 .

- 1.25

1.74

Reference

Mendell et al. {1963]

 Newkirk [1963]

Miyake et al. [1957]

Hess et al, [1961]

%

Table 5. EXperimen'gal results on slow- and fast-neutron fluxes

on the ground at 700 g/cm2 elevation and at sea level, .

geomagnetic latitude N = 44° N,

; Elevation

Measured counting rate, background substracted

(cpm)

Bare BF, counter 0.9-in-polyeth=.-. 2-1/2-in-~

(Cd difference)

\

. S,ea level
" .Onthe roof

Fourth floor
~ Third floor
Secon& floor
First floor
On wet ground'
700 g/cm®

On dry ground

0.579+0.030_

1.010%0.034
0.86220.033
0.755£0.042

0.637+£0,031

6.53£0.29

ylene-moderated paraffin-

counter ~ moderated |
counter
1.56+0.048 2.02£0.054
1.23%0.045  4.77%0.053
0.837£0.043 1.1220.049
0.756£0.052 1.03£0.065
. 0.586£0.040 0.7260.046
" 4,54£0:04
19.4£0.65 24.0%0.45
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at sea 1eve1

Flu.xes were measured at a geomagnetlc 1at1tude )\ 44°N. -

V Table 6. Slow- and fast- neutron fluxes on dry ground at 700 g/cm2 elevatlon and ona bu11d1ng roof

Neutron )

energy .

range

(ev)m;'lv -

Neutron flux (n/szfsee)

P

‘Fast neutrons™:

Sea lev"e'i

700 g/cm?

The rmal nuetronsT

Sea 700,

- n=1.16

1.24

1.74

' 1.f§

1.24.

S 1,74

level . g/em?’

107-10

6. 7

10°-10

7 Total

5.

2.99X 10

1.50X10

1.80X 107

6;29)(10'3 |

3

5

3 2.95x10

1.52X10"
. 1.78X10°

6.25X10°

-3

3

3

2.79X10

-3

1.68X10

-3

1.63X107

3 6.10x10°3 7.49%X10

3.92X10°
1.83X10

1.74X10°

2

2.

2...

2

3. 88X10

,1 86X 10

1,79X10°

-2

-2

7.53%1072

' Z,OZX 10
2 .

7.38X10°

_2 el
1,64><1Q'Z-V':
| c

X 10-3

:3J2X162ufﬁn;f77i3*”f.-

1.07%0. 055 4.20£0.05
‘X102

1.

[
- T
™ =~
s e P

. »
RO
e -
. sy

LI

o
7 .
. -

Est1mated error. < 10%. _

e
[N
R

The error term is based on the countmg error only. s

- > . PRV
. PRI
- - > ,4‘: -
i T .

Zp09l-TEOA . .
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.
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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

Without collimator
Covered with Cd .shee_t

| Cd difference

" With collimator
. Upward (Cd difference)

Downward (Cd difference)

Counting rate (cpm)

8.21£0.28
1.68%0,077

6.53:1:0.29

1.70+£0.13

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 {lux are

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

Soil moisture

50% water-

Dry 100% water -
saturated saturated
. Element
 (atoms/cm”) ‘ ,
_ | ;
H . .8553x10%Y © - 9.820x10%! 16.87%10%*
. L ) ~- T —\ . v ) | N : .. E . "‘
o 22.68x40%T 7 23,30 x10%t 27.00x10%%
AL zioraxi0®t o aiszox0®t . 4.976x10%t
‘si . - 9.533%10°%1 8.680x10%T  8.963x10%%
. ,
Density (g/cm”) 1.15 1.12 1.25
¢ Neutron : . . :
temperature (° K) 1.73'T, 1.65 T, 1.54 T,
. Effective
- absorption ¢ross " , ' 3 BRI -3
section (em?/g)-  2.82X407° - 3.41X10”  4.26X4077.
. Slowing power . . ' S '
(cmi/g)" 1.60X407" 1.87X 4071 2.82%x40° %
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‘neutron fluxes on the ground. -
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. Table 9. Comparison of measured and calculated

UCRL-16042.

Elevatioh " Neutron - Calculated flux Measured
. energy (n/cmz-sec) flux
(g/cmz) (eV) Medium ' Flux (n/cmz-sec) |
700 0.4-10° Air 3.05X107% 3.82+£0.10X14072
Soil 9.86 X 107> -
<0.4 Air 2.00%10"3 1.20£0.05X 107
 Soil 4.75X1072% -
Sea level 0.4-40%  Air 4.41X107% 2.90%0.40X10™>
Soil 1.43X107> |
< 6.4 - Air 2.'.89><1o'4 1‘.07&0.06)(10“3
"Soil 6.60X 107>
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(2.2

This report was prepared as an account of Govérnment
sponsored work. Neither the United States, nor the Com-
mission, 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.








