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4. INIRCDUCTION

To one whose responsibility itlia to make evaluations of the degres of
hazard existing in thq radiation f£ield of a nuclear acéelerhtof or é'pu;leuf 
reactor, the valid estimate of the contribution of neutrons to such é'faolﬁ
is of considerable importance. The degree of difficulty of such a ggaﬁﬁrompnt '
' depends strongly upon the -informstion desired -- whether (1) simply bué‘_‘
presance of "siow* and "fast" neutrons in significant numbers ia in queétlnh,
or {(2) a meapure of flux densities within known energy intervals 15 required.
or (3) a direcf estimate of the apecific rate of energy pbsorptibn dﬁo'té
neutron-produced effects in a given medium is desired,

The 1mpor§ance of securing trustworthy estimstes of the neutron field can
be apprecisted by recalling that thé blologicel damage due to a given amouhf of
ionizetion produced in biological tissue by effects due to neutrons is oeti—
meted to be several timos the demage due to e similar emount of ionizaﬁiph
produced by X-rays or gamma rays. This "reletive biolqgioal effectiyoneaq'
muaﬁ be evalqated by carefully cohtrolle& anims)l experiments, Ite value appoara
to range from about 2.5 for slow neutrons to ebout 10 for fast and high energy
neutrons., Of course the value obtained mpy also be a funotion of the particular
biological variatle under observation, and from soms experiments a valuﬁvaa

high as 20 for fast neutrons may be indicated.1



wFe - UGCAL-1635

It is gonerally understood tlat tue reason for the greater biologlcal
demage sssociated with neutroneproduced ionization compared to that from
X-rays or gamme rays lies in the matter of specific ionization. Along the
tracks of recoil end secondery charged nuclesr particles from neutron intere
actions the ionization pér unit path length is typleally 100 times that along
the trecks of the Compton- and photo-elsctrons produced by Xerays and ganna
‘rays., So even though the total energy loss por:unit mass of medium wére the
seme, these differences in looal conceantration of the effects will produce
different dagrees of damage to the orgunism. These same differences in
.speoific ionization proQide 8 basis for the selective detection of fast neutron
effects in the presence of a gema ray background.

Furthermore._the development in recent years of acceleratora delivering
nuclear particles with energles extending into the hundreds of Mev has intro-
duced a few special conaiderationeﬂ The high-energy neutrons from such
machines almost completely dominate the shielding problem, being much more
penetréting tlan sny gumma radlation.2 Also such neutrons are capable of pro-
ducing nuclear "stars” in which & large fraction of the neutron energy may be
delivered into a small volume of space in the form of high-energy nuclear
fragments, The guantitative, sselective detection of neutrons of these energies

requires instruments Quite distinet from those empidyed in the "fset"* region.

* For the purposes of this discussion, the term "high energy neutrons® will mean
those with kinetic enorgies greater than typieal nucleaer binding energies for
a nsutron. Thus, very roughly, *fest neutrons" will apply to energles above
the capture resonance region and up to, say 15 Mev. C“High energy® will epply
from 15 or 20 Mev on up in energy. _ :
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If one 1 concerned simply with aen evaluation of the apebifio enaergy
absorption by soft biological tissue from a radiation fleld.of any type, he
nay heve recourse to the "tissue-equivalent® chamber tecgnique 80 carefully
developed by Gray, and by Fellla and Hoss;.B If prior knowledge is available
concerning the relative biologlcal effectiveness of the redistion fileld in
question, and if it 1s assumsd that the energy gbsorption in soft tissue
(usually meaéured in the *roentgen equivelent physical® unit) multiplied by
this R.,B,E, will give the desired hazard index, then the use of thene chambers
(or of approximations thereto) is to be recocmmended.

The subject matter of the present article, however, assumes a doéire to
evaluate the various components of a radiation fleld, and in particular the
- spacific neutron contributions., Methods will be desocribed for estimating flux
densities or emnergy absorption rates for neutrons in three energy categories:
slow (i.e., thermal and near thermnl), fast (0.3-15 Mav), and high energy
{above 20 Mev). Whenever feasible, one desires to emp}oy alterngtive methods
in a given evaluation soc as to provide either sssurance or criticlsm of ita

velidity. The discussion here submitted is certeinly not exhaustive, but will

involve only some of the leading idesa currently in use.

IX, SLCW NEUIRCON CJURVEY TECHNIQUES

As Definition of "Slow"

.From the standpoint of biological eflects, slow neutrons ere those for
whieh capture by nitrogen nucleil and by protons are the important pnenomena

in the development of absorbable energy within a biological umdium.h This

means that "slow® neutrons will here include both the thermsl and capture

resonance energy regions.
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At these low energies the typical energy transfers by elastic collisions
bre neituer sufficiently large to produce many ionizing particles nor to
rupture many chemical bonds, and the outstending processes by‘which damege
may occur will bq such exothermic eapture events asa those mentioned above.

The capture by protons yields 2.2 Mav gamma rediation; end the nitrogen capture
reaction is Nlh(n.p)clh. with 0.62 Mev energy avsiladble to the proton.

In order to selectively measure the slow neutron flux density, aedvantege
is taken of certain unique reactions which can be eussily measured sven in the
prerence of affects due to gamma rediation snd faat neutrons which msy also
contribute to the field. XNotable among such reactions is the cepture event:

Blo(no o )L17-

B, Use of §§3 Counters

The rate of neutron capture events in a volume V of BF3 gas possessing

10
N atoms of B per cm3 iss

R= Nka//fﬁn(v)v g’ (v)dv,
g ‘

where n(v) ie the density of neutrons per unit velocity intervel at velocity v,
and 0" (v) is the Blo capture cross section at velocity v. Since & (v) is

nearly proportional to 1/v in the slow neutron region, it mey be written es:

g = T, vo/v.

10
where (7 1is the thermal capture cross scction for B (3960 barns) end v,

©
is the meen thermal neutron velocity (2.2 x 10° cm/sec).
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Thens
R=N O v, n(v)dv = NV 0~ ¥, F.

where (9 is the numerical density of slow neutrons.

Thus a BFB counter is, strictly speaking, sensitive to the integrated

numericel density of neutrons within the veldeity range in which the 1/v

'y
dependence is velid. If the velocity spectrum n{v) ie known sufficiently well

to define an average velocity v, then the flux density is given by

eﬁan . V. (1)

In praoctice the velocity spectrum for a neutron atﬁospnere which has
penetrated the typical shielding around s neutron source‘(cyclotron. ete) 18
sufficlently peaked at thermal energies to allow epproximating Vv by v, for
the amocuracy required in hazard avaluation. In any case, the degree to which
the BF3 is responding to neutrons above about 0.5 e v may 'be ascertained by
enclosing the chamber with a sheet of Cd (20 or 30 mils thick), which will
absorb nearly sll the neutrons below this energy.

"The neasure of R, the rate of Blo capture ovents may be eccomplished by
pulse countins, the volume V being the sensitive volume of a proportional‘
counter or of en ionization chamber. I the dimensions of the volume are'large
compared to the range of the alpha psrticle and of the recoil L17vnucleua. the
wall effects ere smsll, cnd the sensitive volure is easily eﬂtimated.5

The foregoing has sssumed that slow neutron sbsorpticn by the counter

walls is neglipible. ‘hether or not this 1s true dapends upon the material

end thickness of the walls, and =such should be so chosen a8 to make this effect
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small anl calculable from known slow neutron capture oross seations. In
particular, glass walls containing boron (such as pyrex glass) are to be
avoided. Important aspects of preparing good BF3 proporticnal counters and

pulse chambers have heen discusned by Fowler and Tunnicliffe.

C, BFB Ionizetion Current Method

Because of the difficulty of rendering pulse smplifiers and recorders
»a8ily porteble it la often convenlent to make use of elactrometer ciréuits
-to measure R by providing a reading of the ionization current collected out
of a volume V. Since each capture event releases 2.3& Mev as kinetic energy
of the alpha and Li7 particles, and sinbe this eﬁergy is lost by lonization
and excitation with a quota of about 30 e v per ion pair, the ionization

current contribution due to neutrons will be (at saturation):s

I=(1.6x 10"19)\ 2,30 x ;Qé)VR(J, -1 _.9._1) amperes, (2)
30 5 v

where AV is the volume reduction accomplished by movilm the chamber walls
inward by a distence equal to the range of the alphes in the BF3 gus, For
| BFB at atmospherioc pressure this renge is about 0.3 cm,

The volume correction factor (1 - 1/5 AVA) epproximately eccounts for
the fact thst gapture events ocourring nesr the walls may nat contribute their
full quota of ionization to the gas., The velue of R from (2) muy be used in
(1) to ovaluate the flux density, if one has a means of aﬁbtracting the portion

of the ifonization current which is contributed by gumma and other components
)

of the fisld,
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A garticularly simple type of survey instrument consists of & pair of
ifonizetion chambers, esch of usbout 3 liters volume, having one filled with-
pure, dry BF3 to a prescure of about one-half afmoaphere. and the other
filled to such a pressure of Argon or C02 a8 to give an lonization current
ideptical to thaet from the BFB chamber when both ere exposed to the 8swe
intensity of Redium gemma radiation. These chsmbers are then arrangsd so
that the differaence current which exists in a combinstion slow neutron and
guima ficld, by virtue of the alpha reamction in the BF3s 16 fed into en
electrometer with e sensitivity of about 10‘12 smpere,

7ith & stable, bridge-type elgctrometer cirouit, and a BF3 ges £illing
enriched isotopically in Blo to 968, flux densities in the range from 10 té
more than 10“ slow neutrons/cm2 ge¢ are readily msasuraﬁia. Thie 1a the
range of interest in a region where the evalustion of safe working conditions
is sought, such as the erea immediately outside the shielding of an accelerator,
or near an experimental faclility at o reactor. In Figure 1 is suown a |
schematlic diagrem of the circuit used in a portable inutrument of this tyype,
end a photograph showing its form. It i8 to be noted that the chamber walls

are not at ground potentisl, so a light-weight dural cerrying case encloses

them} The chambers are of brass, as thin as 1s compatible with their evecuation,

D. Foil Activetion Methods

Usually survey work demands cn-the-spot evmluations, so thet direct
reading instruments involving the pracaeding methods are dictated. IHowever,

there are occasionally met situstions where accessibility problems, or physical
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dimenaions, require the use of the foil activation method. The ideas and
techniquas have been aufficiently described elaewhere.7'8

Of course, in order to accomplish absolute measuwrements of flux densities,
knowledge is required of the motivetion cross section of the foils and of’ A
the sbsclute efficiency of the counting method. The letter will involve
geonmetry, window absorption, and fo;l gelf-abasorption studies. Becsuse of
these problems it is best te employ the foils simply for compnriaon of peutron
flux densitles, and 4f & région of kpnown flux 1is available it may serve as a
reference standerd,

The simplestvway to achieve & region of known flux density is to place
2 RaeBe neutron source of determined cource strength in a water tank of such
dimensions thot at least 30 cm of water exist in any direction from the source.
A properly made Re~Be scurce will yield 1.5 x 107 neutrons/see¢ per curie of

Ra. At any distsnce, r, from the source whish is emitting Q¢ neutrons/sec,

‘the thermal neutron flux density is
e Vo= QX £(r), : (3)

where £(r) is the fractional number of neutrons emitted by the source which
cross 1 om2 a8 thermal neutrons at distance x.
0
Curves of f(r) have been prepared by various experimenters.9’l In

reference 9 the velues of f(r) are usable es given. From reference 10 one

2

nust construct his curve of f(r) by dividing each datum point by r®, end then

normslizing the curve so that
) oo
/

4 v Ny f(r)rzdr = 1
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where G’H and Nu are the thermal capture cross seotion for hydrogen, and the
number ofkhydrogen atoms per cm3, respectively. This normalization is aimply
8 statement of the fact thet all neutrons emitted by the source ere absorbed.
by hydrogen capture. The value of cr’u is 0,31 barns. In Figure 2 is displayed
such a curve calculated from the data of Rush in reference 10. A certain
enount of guess-work is involved in éxtrapolating the curve to r = 0.

The olemsent most used in foil work is Indium, und the selection of thermAI
heutron activation from that produced by both thermael énd resonance capture
1s eccomplished by meosuring ectivation of the foils both with and without
Cadmium enclosure. The correotions due to‘Cd absorption of In resonance
neutrons, and due to local depression of neutron f{lux dcﬁsity by the deteoting
foils, are discussed in reference 7. These can be made emall by proper design
of the experiment,

Typicslly, the absolute counting efficiency for thin Indium folls can be

made such that e thermal nsutron flux density 18 related to foil activity by
v = C(A - 1.07A ’
f o ( 7 Cd)’ (4)

where C 18 & factor nesr 0.1, end A and A, are the initisl, spturgted counting

Ga

rates for the folls (in C/M) exposed uncovered and covered with Cd, respectively.
In summary, and for example, i1f one needs knowledge of the thermal neutron

flux density which would exist within blologicel tissus located in a given

neutron field, he may imbed foil detectors in a tisasue-eguivalent mediun

(water does quite well in this case) of proper size ani determine the foil

ectivation, with end without Cd envelope (.020* thick Cd is sufficient). This
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activatiorn is then compered with thet obtained in & water tank with known
flux given by equation 3. Cr, if counting efficlency is aocouretely calcu-

lsted, so tlat the C in equation 4 is known, thia latter formula may be used,

IIY. SVALUATION OF FAST NEUTHON FISLDS

"A. Characteristics of *Fast® Region

In keeping with & urevious Jefinition, the concern of the prescut 3section
is witi neutrons sxtending in ensrgy from a few tenths Mev to 15 or 20 Mev.
Within thia region the predominent process by which ensrgy is delivered to a
biologloel medium is the recoil of protona from collisfons of the neutrons
with hydrogen, That this is true may be readily sscertained by reference to
the values and behavior cf the n-p cross section snd of the collislon crosa
sections for C, 0, and N in this energy reglon, besring in mind the importent
;act that in colliedion with hydrogen tlLe nsutron imparts on the average half
of its energy to the recoil proton, whereas in collisions with C and 0 nuclel
the neutron loses typically only 0.1} and 0,11 of its energy, reapéctively.

It is obvious then thut most fest neutron measurements are mede by taking -
advantage of the simple and known characteristics of the n-p collision,

#ithin this energy region the kinematiocs are those of & simple elustic billierd
ball collision, i.e. there 18 sphqrical syums try in the center-of-mass system,
In Filgure 3 ara displayed the values of O“np versus neutron enargy, and the
renge of a recoil prbton in CH2 va. its energy. Also shown, because of 1its

subsequent use, is & plot of 0 ,, x Rp,.
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The damege delivered to a biologicel médium will depehd fundementally
upon the product of G‘np and neutron energy, since in this energy rogioh
essentially all recoil protons remain within the-medium end deliver allithoir
energy thereto. Beoause of the manner in which G“;p decreases with neutron
energy, the product ECT;p i8 neerly qonatant over tle "fest® reglon. The |
R.B.E. of the neutrons in this region does not htvs pronounced depsndence
upon energy.

Of the survey methods described below, esch has its own restricted field
"of velidity. No one technique snswers all questions about fest neutron
radietion. Consequently it 18 necesssry Lo give careful attention to the
restrictions placed upon the conditions in energy, direction, etc. for which

8 given method 18 validly interprstable.

B, Monitoring with Nucleser Track Fllm

Since the tracks of recoil protons in photographic emulsion are identi-

fisble upon development, it is possible in principle, if the hydrogen content

of the emulsion i8 known, to evaluate an i{ntegrated neutron exposure by counting

the number und lengths of such trecks per unit volume of emulsion. The cereful
work of‘.Chekall on this technique for the feat neutrons associated with & pile
hss been reported and applied in some situations,

The method suflfers from the paucity of tracks {rom exposures within the

*peruissible" range, thsre belng only aboui one track per two or three mioro-

scopic fields of view for a week's tolerance exposure (.03 rep of fast neutrons).

Tius the measurement of typical personnel exposures is tedious and fraught
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with lerge statisticel errors, In eddition there ere the important problems

of control of water content of the emulsion, of processing, and of the effects

of feding of the latent image, all of which urae discussed in reference 1l..

Gy Energy-Insensitive Counter, Substitution Method

A counter which detects ngutrons. 8ll essentislly from o given direction,
with en efficliency which is quite independent of energy up to 5 to 10 Nev
has been developed and described by Haneon and Mckibbenlg. Sihce biologicel
damage is not strongly dependent upbn fast nsutron energy, this type of |
instrument 18 frequently ureful providing the neutrons are nesarly unidirectional
snd within the proper energy limits. |

Vhen knowledge is decsired about the fast neutron flux diractlj ffom an
accelerator target, or from en gperture in shielding, thisz type of detector
(so-called *"long counter*) is asimed at the source and the counting rate ob-

? served. Subsequently the production of neutrons is stopped, and‘a Ra-Be or
Po-le source of known strength is substitut&d in or near the‘turgét position
while & new counting rate is observed. Decause of the enargy insenaitivity of
the long counter, tnese retes directly compare the fast nsucron‘flux densities
in the two cases. A known Ra-Be source pleced st a known distence on the
extended axié of the counter allows an approximstely absolute celibretion to

be made, if preceutions about back-scattering are observed.
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D, Belenoed Chembsr Method

In a manner similer to that used for slow neutrons (Section II-C) a
differenco'curreht technique may be employed for fast neutrons. Qne chember
éontgina argon, snd 18 relatively insonsitive to the neutrons; the other
éontains methans, snd develops a considerable ionization current from bhydrogen
recoils. TIressures are adjusted to give equal sensitivities for radium
gamme flelds. A useful anelysis of this method is giveg by Gamertsfelder;lj

The method has no directional requirements, but the absolute calibration
6? the neutron response ie difficult. Since for aven a few hev energy the
-proton ranges are'comparable to chamber dimensions, the wall effects are pot
easy to evaluate., Unless very high pressures are employed, the sensitivity
decreases pronouncedly with neutron snergy aBOVe 2 or 3 Mev, and a knowlaedge
of the neutron energy spsctrum is essentisl to an evaluetion of exposure rate.

In experisnce with this type of inatrument in the radiation field outside
a cydlotron shield 1t has been found that the contribution of ianization |
current by the neutron effects is small compered to tla t from gama effects,
and is thus difficult to evaluate well. Also the absolute masgnitude of thé
difference current is undesirably small unless pressures of a feﬁ atmospheres
are employed which introduce inconvenience in e portadble insﬁrumnnt. |

Eq Attempts to Employ the Erpgg-CGray Principlglb

Reference was mode in the Section I to the "tissus«equivalent® ionization

chambers of Hossl and Feilla, and 1t was thers pointed out that it is not
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possible with them alone to distinguish neutrqn-produced ionization from
garma-produced fonization, and that this distinction is important because
of the different R.B.E. |

HurstlS desoribes the mesns of rejecting the aecondary eleotron ion
izption by the expedient of blased proportional counting in an approximntely
tissue«equivalent gae counter with hydrogenous walls. Aotuelly the gas was
cuh. and the'wgll material (CHy),. Ideally the ges smplificstion and eleotronic
amplification of tho‘pulsea magniry'the energy loss events due to the recol)
particles in the gas, end the output pulses are integrated into a ourrent
~which 18 then proportional to the rate of energy absorption. in the gaa.'vThiu.
1# turn is related to energy aebsorption in the wall material (1isauo.)ij
knowledge of counter volume, and the stopping power ratio and density rqﬁio
for the counter ges and wall material. |

By ad justing the biés level properly, only those pulses which ere above
the maiimum s8ize produced by secondary electrons will be admitted to the
pulse~integrating circuit. Thus only récoil proton pulees will dbe recorded,
and unavoidably the emaller of theae will be rejected. If amplifications ares
uniform and known, & calculation of onergy sbsorption rate in terms of inte-
grated pulse current may be simply msde.

Consider then such & proportions) counter, with hydrogenous walle and
gas of essentlelly the same hydrogen content per gram, and of reaaonably
identical stopping powers (on & gm/cmg basis). The wall thickness is to be at
least ms great s the range of.the most energetic recoil protons, but not thick
enough to produce Qpprociable attehuation of the fast neutrons, end the overall

Aimensions and locetion of the chamber relative to the neutron source are to
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be such thet the nsutron field intenaity throughout is constant. Under
such oconditions the msan denaity of lonizetion events is uniform throughout
the counter volume, and 18, in fact, the sams as if the sclid wslle were
replaced by counter ges extending in any direction et leest es fes as the'»
most energetic protons from the ¢ direction would travel (assuming also thet
the uniformity of fleld extended to.such distences). |
Consequently the ionization events within the chamber aere representative

of those within the gas without solid walle, end the energy ebaogption par
unit volume is simply proportionsl to density, T;e energy absorption par
grem-is thus independent of density and will be equal to ths abaorptlop'per
gran {n ﬁhe chemically similser wall material., 8o if the energy absorption
rate in erga/gm sec for the wall material ie W, the metered output pulse

current in amperes is:

I=(3.1x210av Pe ¥,

0~10 ergs/ion palr hes been assumed, end where A is the overall

whers 0.51 x 1
oﬁarge'amplification of an ionization event due to both gas and aiaotronio_
amplifioation. V 48 the counting volume, and ( 8 is the gas density.

Thus, if a tolerable fast neutron exposurs rate wers stated as 0.03

rap/week, to be mccumulated on a 48 hr/week basis, the energy gbsorption'rata

on the basis of 95 ergs/gm per rep would be:

.
¥ = 1.65 x 10™ erga/gm sec;
3

and the output currant per cm” of counting volume, with methane pryf@inure of

one atmospharas would be:

-1
I = (3.4 x 10 7)A aMperes ,
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A volume of 50 cm3 and a total emplificotion of 10“

would produge a current
readily measurable by simple eleotrometer circuits. The counting volume must
be kept rather small ao‘that tle compton elestron path lengtba..whosé>pulaes.
must determine fha minimum pulse slze accepted, will not encrgach too mﬁoh on
the pulse dietribution from recoil protona.

It 18 a prime requirement that the gas -amplificastion be known end uniform
throughout the counting volume. Special counter end configurations end guard
ring systens have been devisadlé for epproximasting thig condition. The
necessity of biasing out the elestron~produced puisaa causes a failure to
lm@asure the contribution of energy dissipation from protons producing pulscs
below thia level, and the seriousness of this will depen& upon the neutron
spectrum.

Posaibly it is worthwhile to point out that if the neutron spectrum in
syfficiently well known to allow an sstimation of a mean‘value for vCTnm(E) E,
the actual neutron flux may be sstimeted, This followa from the fact that the

anargy absorbsd due to hydrogen collisions per gram of the gas 1 glven byi

Enax
Wz P (1) @py(E) (2/2) a8 ergn/em secy
0

This assumes that e neutron makes only one collision, st most, in the counter
gas or wall, which 18 a good essunption for fast neutrons end countera of

typloal aize,
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The symbols omployed denotes

QH = hydrogen atoma/bm? of gae,
()8 = ges density in m/cma.
?ﬁ(E)== flux denaitg per unit range of energy, in
neutrons/cm“ sec erg,

CKQJE) = totsl n~-p cross section for neutron energy E.

The average enorgy transfer in the nep collisicn is considered to be E/2,

The corresponding expression for the collisions with cerbon nuclei is:

' Epax
W, = f’; | (P(m) 6"9 (E) (Mm o n) dE;
(o} .

where M = 12 {8 the relative mass of the ocarbon nucleus,
Plotted in Figure l are curves of Crup(E). 0 .(RB), and of the quantity:
UWE) == N, G () (E/2) 4 N, O, (8) (2N E§, for a CH, medium. This last
B wp ¢ w12 2
quentity ia proportionsl to energy absorptionhrete per unit neutron flux

density at the various energies.

If the spectrum 1s known with enough confidence to eatimeie aversge velues

g . E end §° E , the total enaorgy absorption iss
np . ¢ .

Wy oo W 1 . a. E 20l O B Eﬁ(m)an
H o= np “+ 0 ¢
€ g 2 M 1)%
' 0

The integrel is of course the total aeutron flux density. The bies to eliminate

electron pulses prevents an actusl vaelue of zero for the lower limit.
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By Jjudicious construction of ibe end-wall of a cylindricui prbportlbual
counter Hurst and Ritchiel7 heve succeeded in producing a counting-rate
response, for a uni-direstional neutron flux, whose energy dopendenoalolosql&
approximates the function U(E) for a fiasueuequivalent medium, It is very
similuar to the U(E) plbtted in Figuﬁe 4 for CHzo Tests in mono-ensrgetig,
directional neutron fluxes have substgntiated the celeoulations for their
counter, but it must ba noted thet it is valid only for a uni-directional flux
normal to the speciel end wall. The "tlasus dose" it measures ia that dus to

the first collisions of the inocident neutrona; thus it applies to e regloa of

the order of one mean free path in depth.

G VNossurement of Fast Ne

Evaluation of neutron flux densitles for monocensrgetic neutrons is
reletively straighturorwardl6. but in survey work for rediation protection
purposes such spectra do not typloslly exist. It is still quite pbasible.
however, to mecasure the encrgy flow per om2 per sec carried by the fast
neutrons. Then if the spectrum is known sufficiently well tu estimste en
effgctive nean ennrgy; the numericel integrel flux density may be epproximated.
This technique has baen developed by Mather, Moyer, Redﬁond. and Thompaonla at
the Univeraity of Californie Radistion lLaboratory.

The anelysis of the enérgy~f1ux counter proceads as follows in five stepm

1. Consider a plane sheet of hydrogenous muteriaml of thickness s immersed
in an isbtrOpic flux of neutrons of energy E. From any volume alement recoil

protons will originate with equal probability in any direction, and with equal
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probability in energy up to the meximum possible value of E, The number of

protons produced in AV at depth x Wh}°h will aumerge with sufficient residual

range to be detected mey be showri18

1
AP(X.E) = (8) &~ (E)N,av 1. de  (5)
(L) = Lo ) OBy "ﬁ(é‘)‘"?-") | (5)

€x

to ber (See Flgure 5)

whéres & = EBp. ={fractional energy delivered to & recoil proton,
b

Ex = minimum fractionel energy for emergence from depth x,
R(€) = renge in tle hydrogenous materisl of a proton with fractionsl
anergy € , :
and r = residual renge requifed upon emergsnce to allow deteotion,
(The other symbols have the seme meening es in Section E, above).
2. If now R(& ) 1s approximated Ly R(E) ¢ 3/2. wvhere R(E) 18 the proton
range for € = 1l end ir, to begin with, the required residual renge r is set

equal to zero, exprepsion (5) muy be integrated to yleld:

- 2/3
AF{XE) = h(r) o= (&) 1 2 -3 X N 4av. (6)
-+ ¢ ap R ( R(E) > H

o

18

This laest approximetion of r'= 0 18 pot employed in more precise caloulutions
which spece does not sllow here.

J» The contributions from all depths x are now to be sumned. Denote
volume olement dV by Adx, where A is a plane srea parallel to the surface.
Then by iantegration over x the results may be obtalned for the t¥G cases

(a) 8 & R(£), end (b) 8 B{N),
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(a) S_2R(E)
R‘“ 2/3
FE) = 1 (E) O pp(e) y a 2x_ - 3( a
?S np'®) M Y+ RJ((E)‘ ? R%E)) | *
= L $ (@) o () n(m) 0
_(b) 8 < R(E)
(B,8)z1 1142 - s
F(E,8)=_1_ a N, A 1 X. -3
L bons [fam ]
‘ (0]
2 5/3
- Ny A £) ¢ _(B) R(E) /] _S_ 8
.‘_%_Hcp()np()()“,.gz i..g.) (8)

Expressions (7) on;(8)4w111 give tie number of protons emerging esch
sacond from one lacea of the sheet, having been produced within the parallel-
epiped volume Ag by neutrons of energy E.

4o The total npumber of protons emerging per second is to be obtained by
integrating over the enscrgy spectrum. This integration is divided into two

partss (a) Energy interval from E = 0 to E = Eqe where E; 12 the energy

8
raquired to give renge S in the sheet matsrial, and (b) Energy interval from
Eg, to infinity, or to Emax for the spectrum of the neutrons, Thus if aevery

proton whioch emerges ocsn be counted, the counting rate erising from area 4

will bes

K E ‘
a8 mnux :
c:f F(E) 48 + F(E,8) d4E} (9)

o :
ES
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where F(E) and F(E,S) arc expressions (7) end (8), respectively.

In many inatences 8.> R(Emax). so that only the first term of (9) is.
involved. (For example, the rénge of 8 15 Mev proton in polyethylens is only
0.2 cm or 3/32.1nch. which would be quite reasonable a wall thickness),
Advantege 48 now taken of the fact évident from Figure 3, that ovei a wlde
range of energies in this reglon the product O“np(E) R(E) fe very neerly

proportional to E. From less than O.i Mev up to 20 Mev the approximations

OR = (1.0 x 1o°26) B, (10)

with E expressed in Mev, and the product U R (in am3) is nowhere in error
by more than 15%.
Thue for a sheot whose thickness is greater than R(Eg,.), so that only

the first integral of (9) is required, ¢ becomes, in viaw of (7) and (10):

E .
' max : : '
C = (1.0 x 10'27) Nﬂ A f ¢(E) RdE, ota/sec. (11)

& .
The integral appearing here gives the total energy flux density ocarried by. -

fast nsutrons, Corrections to this somewhat oversimplified diucuaaion.are
mentioned in the next step.

5. The sheet of GH2 is now bent into a oylinder whose radius 1a'largé
compared with 8, and is very lightly graphited with aquedsg to provide cone
duction. It is then mede to serve us the cathode of a proportional counter
filled with argon plus a small percentage of 002.

The refinements to the foregoing calculation involve the following itemes

(a) ~Traatm§nt of the problem with r not zero, l.e., with a specified

residual renge required for Jdetectlon.
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(b) Effects of Argon and Cerbon recolls,

(o) Geometricel effect of bending the flaet sheet into a cylinder.

(d) Inclusion of neutron ensrgies for whiol‘n R(E) > 8, L.e., the use of
both - terms of Egquation (9).

The results of such a caleulation are displayed for various CH2 sheet
thicknesses in Figure 6, in which the ordinate is efficiency in oounts/unit
area per unit flux density of neutrons in unit‘energylinterval at E, It &8
evident that below 1 Mev the requirement of e residual) renge whioh will pro-
vide sa much as a 0.2 Mev energy logs in the counter gas reduces the efficiency
markedly below proportionality to heutroh energy; however, 0.2 Mev ia posalbl&
s more stringent requirement than is necessary if proper couanter design keepe
electron path lengths short.  Actually the curves of Fféuro 6 do not conteln
sorrections (b) end (c¢), and the contribution of argon for a typical counter
is indicated seperately. Correction (e) can be emtimqtqd to be smell fer a
typical counter dismeter of & om, though its effects ét the higher energy end
begin to be epprecisble.

From Pigure 6 it is seen that if the spectrsl region of interest lien'
between 0.8 Mev and nesrly 20 Mev, a 1/8" well counter has a Qansitivity
aaaentialiy proportional to energy, and the simple ralationship of Equatian (11)
may be used. IXf values of residusl proton range r smaller thean 0.2 Mev equi-
valent are possible (see below), the lower energy limit of this proportional
region is moved downward es 18 indicated by the ideal cwrve for r = 0, |

In Figures 7 and 8 are shown two diatinotly different types of survey unita

employing the foregoing principles. The first is e polyethylene~wall
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proportional counter, and the second 1s a polyethylene sphericsl shell whose
inner surface is coated with & phosphor. Recoil proténa produce scintillations
which are viewed with sn end-window photomultiplier tube through a suitable
aperture. In eéﬁh case the primery pulses, after amplification and disorimi-
nation, trigger a one-ghot multivibrator whose output is integrated into a
counting-rate reading. |

‘The apherios) scintillation counter has certain adventages. The fasf
neutron rudiatidn outside the shielding of an socelerstor is not complgpely
isotropic, end the apherioal‘geomatry removes the requirement of 1ao§ropy.
l(HoweVer. it should be mentioned that the requiremént of’1SOtropy for the
gylindrical proportional counter is certalnly not stringent, as it would be for
the tlat sheet.) bAnother advantage is the possibllity that electron pulses
can be more fmvorably rejected because of their smnll energy loas in the very
thin iayer of phosphor, thus allowing the use of a small value for r, the.
residual proton range for deteation, | |

A8 an example, with‘the spharical counter shown, the discoriminetor was
set 80 as to re jedt all counts from a redium gamms fleld of 30 mr/hr. The
counter was then tested with u known Po.Be source in an energy flux density
caloulated from the Po-Be spectrums The experimental result waay

1 count/sec for 1%.9 &iev/omQ B8G.
The celculated counting eenaitiv&iy from Fquation (11) waey
1 count/anec for 13.9 Mev/om2 80,

Corrections for inefficiencies ot low snergies, as indicated in Figure 6, would

tend to bring the numbers closer, but agreement to tetter than 15% cen be
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considered fair for survey counters. 'This degree of sgreemsnt has consistently

been found with both the proportionsl counters and the scintillation counter,

IV. ESTINATION OF HIGH FNZRGY NEUIRCN FLUX DENSITIES

Accelerators of nuclear particles in the hundreds of Mev region produce
large numbers of neutrons extending in ehargy up to thé primary energy of the
nucleons accelerated. Because of the graat penatrstion of such neutroﬁs
‘through shielding matter, ané bectuse nuclesr cfoss sections decrgase mono=
tonicelly with neutron energy in thia region, the neutroﬁ radistion escaping
from the outar surfeace of e thick shield well will consist of the squilibrium
aecondary neutrons accompaenying the penetrating primery component. After the
inftiel trensition region, in which the soft components of the primery radiation
are rapidly absorbed end the secondary neutron radiatibﬁ is developed into
equilibrium with the nigh ehergy componants\of the primsry, the enﬁuing attan-
uation is controlled by the penetration of these high-eﬁargy primery componente.

In conssquence of this, the neutron epectrum'extarnql to a thick concrete
shield should decrease monotonically from the thermal encrgy spectral intensity
to that at higher energy. If one con then make flux messurements at-thermal
encrgles, in the “"fast" region, and at high energy, he can rouglly delineate
the totsl picturs, DBeceuse of the low fluz of the high-energy component when
its equilibrium secondary rédiation is witﬁin tolerance boupnds, end becususe of
its relatively low interaction cross section with metter, this high-energy

componsnt is difficult to measure on a survey basis,
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The eJectipn of fast charged nuclear particles rrom‘guclei struck by
bigh energy neutrons produce cheracteristic "astars® in photographie ahulaioéo
Knowledge of the nuclear composition of the emulafon, and'eatimutea of arosse
aectiona‘ror ster production in various elements, aliéw approximate'flux
evalﬁétion& if eross sections aré not strongly energy-depéndsnto

A8 an example of sush a proceedure the data pertaining to a certain |
‘situstion mear the 184¢ Cyolotron will be quoteds |

(a) The composite ipelastic collision cross seotion per cublc centimeter
of the aﬁulaion was colculated trom.the known chemicél constituents, and from
the total nucleaer collision cross.aeotiona at 90 Mev (eseumed in this caa§ to
be. an effective energy for the high ehergy components outside the ehieldins).A
At these energies, inelestic collision croas seotions are almoat exsatly one-

half the total cross seotions, Thusi
“l“'ig Crl Ni‘z 041 cn® per em3 of emulsion.
2 .

(b) It was assumed that about 1/3 of this composite inelastio oréas
section resulted in identifiable stars.

(¢) The star production rate was found to be 0.3 étnra/hmjvpei hour, or
.08/0m3 566,

() Thus the high-energy neutron flux density was estiuneted to be:

qb = .08 ~ 6/t sec.
1/3 (.04)
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C, Bismyth Fission Counter

Fission ¢f the Bi nucleus by high-energy neutrons sets in at about 50 Mev,
end appears to rise regularly in its cross section up to over 300 Mev. A
deslign of Fi fission counting chamber by wiegandl9 has served as a.prototype
for those employed in survey work. |

The fission cross section of Bi under neutron bombarduent lee been mesa-
"sured to be 0.0 x lO’Qh cm2 at 8l Mev. This of course means that the efficiency
of/the counters is low, aince‘the Qseful thickness of' the Bi layers is limited
5y the range of the fission fragments. In fact, in order to take aurvey data
in fields of a few high energy Aeutrons per cm2 per second, it i8 necessary to
use counting periocds of the order of hours. However, the method has froquengly
proved useful, since little elve is asvailable 'as a survey me£ér. A rough
absolute efficiency is calculsble from the ebove cross section, the ranges of
fission fragments, and from geometrical consideretions én the emergence of the

fragun=snts from the Dy layer,
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This report was prepared as an account of Government
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
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