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Abstract 

A oeriea of meocurementG of neutron flux co a function of dti.tude has 

been made with the following neutron detectors: bismuth fioeion ionization 

chamber. protoa-recoil proportional counter t mld modera~ed and bare BF 3 
proportional counters. In addition, datn were clso tnken with o Sbnpoon pile. 

Altitudeo ranged from sea level to 40 0 000 feet and latitudes from 28° to 49° No 

Approprioto trentment of the dntn can be made to yield informntion about th49 

neutron opectrum and the avero.ge neutron energy, and consequently about the 

doce ro.te. 
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lo Introduction 

When ouo io chmrged with the :r0sponoibUity for the a0oeat11ment of re .. 

diation fioldo p!>eoent nenr em intense but ohielded source of fnmt and high-er.un .. gy 

neutrono. it io desiro.ble to have o. vo.riety of·neutron detectors ~hooe senraitivity 

BUd efficiency nro woll knovm. Much of the effort of the Health Physics Depart­

meant at the University of Colifornin Radiation Lnboratory is directed townrd 

the development of ouch detoctoroo 1• Zo 3 The conotruc~ion of A lnrge Bi fieoion 

ionization chamber made poseible the direct menourement of very omall high­

energy neutron fiuxes, ~ nnd led to bdtintion of the experiment to be described. 

Although the eltperimentel reoulto bo.v~ consequences in ohielding 

theory aDd coomic: .. rny phyeice0 flaeoe nopects are not diocuoeed here. lnstendo 

oul" concern ie with the rcoulto of primary intei"EUJt to e. he&lth phyeicii'Jt - .. the 

detormination of tho neutron dooe rete. 

D.:, Enpcariment 

When primary coomic ro.yo enter the enrthe o atmoophere and interact 

with ito o variety of pGI'ticlcae--includlng neutrone--nre produced. Ut b unlikely 

that mnny ucautrono e.re prooent ia tho primnry cosn•ic rayli becnuoe of their 

12-minute ht.\1£ life and also because of the lack of a ~.Uuitnble accelerating meeh­

o.ni~em.,) Tha attenuntioa of high-energy cosmic-ray-produced neutrons iD the 

~atmosphere im enalogouo to the attenuation of ncc0lerator- or pUe~produced 

oeutrono in concrete. That this analogy holds i.e because &fter the tramoition 

reg!on ia passed the attenuation of neutrono of all energies io controlled by the 

&ttenu:aUoo of the meet penetrating pxolmary particles and r;:;econ.dnry neutrona., 

Jn 3lddition0 for neutrons whose er2.ergy ie tr10i"e ~ a few Mev~. concrete and 

air eldlibit nearly the a&me nttenuation prop$rty, on the basis of equal ~rea 

c.~onaity (groma pe:t" cm2 ~" because they both con~iot of m&tedoh of low ~:~.tomic 
numboY. Thv.f.J, :lftel" equiUbS:"iurn io ot~m.ined~ one ehc.nl!d expect a continuotlO 
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neutron epectrumo the oh.ape of wh~ch does not vt~.ry with thicktu~&60 ud the 

total intensity of which decreaoes with nn attenuaticm rate cbarncterietic of 

the moot penetrating neutr<mso Moreovero the GSpectrum ohould 'be llpproximately 

a simple reciprocal power ol neutron energy0 near E- 1
11 AD would be inferred 

from slowing-down cooeepts. 

It io posoible to determine a continuous neutrou spectrum in air or 

concrete with fair precision by meaouring the absolute flux at definite energy 

intervale within the opectrum. Accordingly we cl.llibrnted a BF 3 countar., a 

polyethylene-lined proton-rec:oU counter~ and D Bi ficsion ionization ehembero 

The dntn are given in Table I. 

Table I 

Cr!libration of detectors for determiniDg a neutron epectruro in air or concrete 

Detector 

BF 3 c:oUDter (bare) 

BF 3 counter + 5 em par&ffin 
covered by OoOZO-iach Cd j~cket 

CH2 -!ined proportion&! counter 

Bi fiooion ionization chom'ber 

Energy interv&?l 
of effective 

responae 
(Me•) 

~~-9 and up 

0.03 to 14 

0.03 to 30 

100 to 1000 

Response in unih 
of 

,._ .. z 
counts per neutl"on/cm 
('\l'ories as 1/V) 

' l 
couz..to per neutron/em 

2 coUilts per )J!ev/cm 

c:ounto per neutron/em 2 

Theoe cc~ters o.nd & Simpson pile5 (for intercomparison with other experimenta) 

were taken to the 10,000 foot etation at the University of California High-Alti­

tude Research Fnc:ility in the White Mountain Range in ooutheaotern California 

hl the aummer of 1956. Subee,1aeatly they w~re ftcwo in a B-36 airplane op~ 

carating flrom Kird8nd Air Force Baoe0 Albuquerque0 New Mexico nt altitudes 

i"Ulging from 50 000 to 40, 000 feet. Figure 1 shows a cu.rve of counting rnte 

verou.e atmospheric depth that is typical of all our detectors. Tbe slope of 

ebout 165 g/cm2 for a 1/e reduction in intenoity is alco typical of the attenu­

ation in concrete of the l70-Mev neutron produced by the !84-inch syncbrocy­

dot?or~ and of neuti'Oillil in tlle Bev energy range prodt\ced by the Beva:tron. 

Good agreement was obtained between the counUng rate at 10,000 feet on the 

ground o.nd in the ·eirpla!.ne. te~ding to 10how that the effect of g:r:ouud &lbedo "'"m.a 
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omall. Diccriminntion againot counts cauoGd by charged particles in the poly· 

etbyleno-lined counter ned the Bi firaaion chamber wna provided by the output 

.of n blanket of Geiger tubGill uoed in naticoincidenceo 

Figure 2 ahowa the neutron spectrum obtain~d at 1 00 000 fe~t. That 

the ohape of thio opectru.m io independent of altitude is evidenced .by the fact 

tbnt all the neutron detectora gave the B&me slope for curvsa aimilar to Figo 1, 

Curve G conta.ino our data above 10 -Z Mev end Curve H above 1 Mev o It wa0 
' 

nec:esoary to calculate the apectrurr.\ at energies below these becauce the nmount 

of hydrogenous mQt$rial present, which iniluenced the counting rate of the bare 

BF 3 counter, wac not c:oactant. For esnmple" during the airplane flights it 

wac common to carry no much ne 15o 000 gailona of gasoline. Cul"ve 0 hns 

been oheped anci aacigned values below 10-Z .Mev from consideration of c14 

production ia the atmosphere. Curve His mod0 to decreaoe ot energies less 

thnn thormnl, becnuoe of absorption nod cnpture of thermal neutrons in nitrogen; 

it ic crdculated for energies greater than thermAl up to i Mev, according to 

olowing-dowu theory. The dntn that we do have near thermal energieo seem 

to lie cloaHar to Curve H. 

Ill. Dooe Clllculationo 

The dose rate due to neutrone at 10,000 feet iG given by 

103 Mev 

done rnte ~ j D(E)l/A(E) dE, 

10-9 Mev 

where D(E) ie tho aeutrO!l flux at 0nergy E amd A(E» ia the flux at energy E per 

doee-rate unit. This integral may be approximated by 

dooe rate .. ) N.(ET (1/'A.(E} J aE . 
l l 

Valueo for [ 1/Ai(E)) can be developed lrom de.ta found m.NBS Hendbook 63o 

Figure 3 showe the percentagem of the totnl neu~ron dose rate at lOQ 000 

feet verous AE for Curvem G and H. The sum, in units of rem per ye&ro is mltlo 

given for each curve. Notice that the gretAter rem value under Curve G io due 

to the lm.•ger dome contribution f~om neutrons in the energy interval 10 -l to l Mevo 



The rem dose rate &.t any "pressure altitude" past the transition region can be 

calculQtcd by referring to Fig. ~~ which indic&t"s thnt the neutron epectrum i~a 

conotaut and thereby demonsti'at~Je the altitude dep0ndence of dose rate.. "Fable 

D givoo nmutron dcoe ratesGI uoing Curve 0 and the data in :!rig. 1. 

Table II 

Neutron dome rate Preo11ure ~titude Al titud$ &bove 
( r«~m /year) (g/cm ) cea level 

---~ 
~fe0t) 

OoO.ftZ 1034 0 

O.llZ 860 s.ooo 
0.3Z4 700 10.000 
LZC) 470 ZOsOOO 

7.45 190 -&0 0 000 

Tobias gives dooe ratem that are about one-hmlf theoca values. 6 However, hie 

eotimate io baoed on the counting rate of a balloon-supported BF 3 countero and 

he had no meaourement of mat-neutron fluxo 

Aloo Fig. 3 ohowc that 751o o!' more of the neutron doDe rate in en 

equilibrium mpectrum in air or concrete may be d0termined by using a poly­

ethylene-lined proportionol counter and bnre and moderated BF 3 counte~e. 

IV. Conclusiono 

Conclumions of interest to health phyoiciots ere ao followo: 

1. Although the ohapeo of the neutron mpoctr~ in nir and in concrOilte 

mny be algnificantly different at energios below 10·2 Mev11 thio doeo not strongly 

affect tho neutron dose rate. In any event, the determination of the therm&l­

neutroD dooe rate io not difficult. 

2. By far the largest contribution to tote! neutron dooe come~S fx'om 

neutlfotUl in the eo.eray interval 0. 0 1 to 30 Mev. Furthei"moreQ this portion of 

the neJut:ron dome can be dt!termined eaolly. Refer to Table I and notice that the 

energy regionm of reeponee of the polyethylene-liDed counter and of tbe BF 3 
count~r with 5 em of paraffin covered by ZO-mU Cd are esoentinlly the same. 

Also notice that the polyethyi.ene-lined counte!' responds in unite of counts per 

M0v /cm2, while the moderc.ted BF 3 counter reepondo in unita of counto per 

neutrone/cm2• Tbe:refoi'e ii rnel:lou.:rei-nentc coincident in time Qnd loc.ntion nre 
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made with these two detectoro. one mny immediately determine the neutroq 

flux and the memn on.ergy per Deutron • 

. 
Mev/cm2/count + (neutrono/cm2 /count) = Mev/neutron • 

iti the energy interval of greatest importnnce for health physics purposeso 

0 • • 0 0 c 0 • 0 

Thio work wno done under the ouopiceo of the t1. So Atomic Energy 

Commioaion. 
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