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In the firstpart of ;hepresentpapal a methodwas describei,

1. H. Ho ilarschsll,J. .H~Manlw, V. P. “t?ei.sdmpf, Phys~Rev.

This paparwill be refemec to as 1.

FM eh allowsone to mwi.sure

sectionsfor fast neutrons.

experimentsare described,
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At this energythe so?:xceis stronglyenisotropicbothin erm?-:,y

and intensity,,W&3 made it kjmsslble to selectan angleW. betweentl~e

protonbmm and the scattering:zis such thatcorrectionsfor anisotropis

neutronfluxwere feasiblefor ‘+v360° and $& transmissiongeometries.

Only measurementswherethe sca;l.ere~”subtendeda relative?.y smallangles:

the sourcecouldbe carriedout. In orderto minimizethe effectof the

anisotropyof Me souzzce,aM.ml:fimrcm;ntsRem carrlsdoui with the

scatteringaxis in the directioiof the protcnbeam.

Detector

The most desirablede”~wtorfor the scatteringexperiments .

describedin this paperis one W3 responseof whichdeemnot dependokl~,h’~

directionof incidenceof the nstitrons.For moat of the expertment6at

200 WV a sphericalpfoportion~:cowdxwz was used. The water electrode

2. The counterwas designed.an:{constructedby H.

was a thin sphericalcoppershe.L53!’ in diameter.

consisted of two circulartire .Lflopswith a Ccmmon

planesat ripjhtanglesto each ‘*’,her.The chamber

of 25 cm Hg with tank hydrogen$~mi operatedat a voltageof approfima’tc%y

2200. It was foundexperiment:.’~.iythat the responseof i.hecounterwas

sphericallysymmetr~c.

neutron

grectly

A measurementof the Tzsponsnof the wiunteras a functionof’

energy(seeFig. 1) shc::xltha+.the ener~ sensitivitydiffered

from that expectedfQr : gas recoilcounter. This behavioris

probablydue to non-uniformEat mpMficaticn in differentpa..tsof the
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counter. Comsequdil.yit %Yasrot possible to use the counter MI a thxerhclo.

detectorand no effortwas made’ho detectinelasticscatteringwhich,at .

thisneutronehergy,wae not erpectedto be important.

For the investigate.o:of the scatteringof Ee, B and Al 8

cylindricalproportionalcountvrfilleA‘withdeuteriumto a pressureof

one atmos.Wls used.

Procedure

ThI’80 @pW3 of Scettc’irig experiments were C&Pried out for ~~&l/eV

neutron8: transmissionexperic:cntsin the geometr~ I’orwhich

so Notationsare definedin l%s?tI (reference1)

(am= 30° (D ::3.807’I$do = 0°): back scatteringexperim.en’i,sin the geomvtry

sho~min Fig,,2a, and ring sca~’.eringexperimentsin the geor.etryshownin

Fig. 2b with an averageScattei].agangleof 9C0.

For the transmissionExperimentsthe numberof recoilsper monito::
.

countin the presenceof the s(~~ti~xerand withoutthe sczttererwere cruntti:d.

A paraffincylinder,60 cm Ion:>:was interposed betweenscurceand det.enter

to measurethe bacllgrounddue “’:room scattering.This backgroundwas

subtractedfrom the data. ‘Me crosssectionwas computedunder the ass?myt:l.on

of’an exponentialdecreaseof ;+.eneutronintensityin the ccatterer. ~:’o>z

the ring and backscatteringex;:rimnts the recoilcountsper monitorc}~~j.t

were recorded for threecondit~rm3:with shadowcone and with scattere?}

with cone and withoutscattere:5and withoutcone and witJxx~tscatterer.

From thesedata and the geomet:;the scatteringcrosssectionwas coqpu~ed&O
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l+. Calculationby P. Ohm.

The methodof computationis th{tused in a previouspaperm elastic

backscatteringof d-d neutrons.~

5. J. H. Yanley,et d.., Phys.-,?ev.

Results

Table

cross

4 lx.

Tho cross sectionsotl.einedin these experiments&re tebulzteti.h

11● In the case of BeO ‘filecross sectionia givenper molecule. AZ!.

sectionsape givenas if .;heyap-~liedover the total.solidangleof

For a poor geometrytran:~’.issicmexperimentthh meansthat the

measuredcross sectionis mulk”;liedby 2/(m3 Qm+ 1). All Me dat?. am

o basedon at leaatisix separate‘..uns,and were taken simultaneouslyat ti{~me

differentbiasesof the discr’fi;nahm. A measurableM.zs effeckwas ob~&rved

only in C andBeO in the ring rrd beckscatteringgecmdzy. This bias t?2fwL
,.

may be explainedentirelyby eiwrgyloss in.elasticcal.1.i.d~r~soFrom t,le

consistencyof the individual::;SRSthe

.,sectionsis estimatedto be abI*?~tfive

Me datain Table 11, except

correctedfor multiplescatter’~og,ncr

?,~AS!~~.~NTSUSING(jo6-]!eVNXUXOMS

Sowce
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functionof the anglekit was found by successiveapprmimationsthat th,e

anisotropyof the sourcecancellcdto withinfive percentM & ~as Cbocen
o

to be 60°S Leoj U the protonCm’gy were suchthat 0.6=WV neutronswere

emitted from the target at

Detector—-

The detectorwas

an ar~leof 60° with respect to the protonberm. ~

a cy~.irxiricalproportionalcountersimilar

to thatdescribedby Coon and Nobles5,exceptthatit containedno

5. J. H. Coon andR~ As Nobles.Rsv. sci~Inst.

radiator,and was filled’witho.= atmcs~of deuteriumratherthan an inert

gas. Typicalresponsecurvesd.ierminedexper?.mentallyfer this counterfor

threedifferentbiasesare plot..~:dagainstneutronenergytn Fig. s.

Accordingto the definitionsgi-:f!n in 1, bie.seaare specifiedin termsoi

the neutronenerp~-at which the responseof the counterrieies above back~roundj

but it shouldbe notedthat the $.ffectiveaveragethresholdis considerafily

higher, ‘Thelowestbias was cb own abovethe maxitimpulseheightdue t?

gammarays. The highestbias wvi~limitedby the countingrates.

The responseof the C;I~’.n’terwas not isotropic. The sensitivit;l

to neutronsincidentat 3C)0 Hit:S respectto the axis of the mnanterwas

3.0percenthigherthan the sens’$;:ivityto neutronsincidentperpendicularly

to the axis

biaswas 20

counterwas

Results

for the lowestMas. The correspondingfigurefor the highest

percent. A correct:cnfor the anisotropicresponseof the

made in the evaluat..mo

Poor geometrymeasure:iontswere made for @& = 30°, 60°, and 90’:].
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I?ackscattering=perkents were ‘:arried

of 135° (see Figs 2a]. ThG?rcwiitsare

out for an averagescatteringa@e

tabulatedin ‘Table111. The errors

of the measur=entd,apartfro~ :$y$tematieerrors$are againesthnateclto be

aboutfive percent. The data are not correctedfor snisotropicresponsecf’

the detector9multiplescatteri+~,or ener~ 10ss in ela3ticcolllsionso

The last columnof Table111 li;~isresultscomputedfor

I sections. Th~seare corrected?>r.ard.sotropicresponse

energy10ss in elasticcollisic~~s.The valuesgivenin

transport cross

of the detector

parenthesesqre

correctedfor multiplescatterjagand are calculatedaccmding to the msthx

describedin X, whilethosegi~c~lwithoutparenthesesare basedon the

accuratemettmdto be describecin Part 111 of this paper. The evaluator:

I showed thatthe observedbias t“:~ectin the lightelementscan be expiained

I

●
entirel~’ by elasticscattering.In none of the heavierelementswas Lhc

bias effect

scattering.

sufficient~large La yielda

Consideringthe e~=orof the

an upper limitof approximetelj3 x 10b25

().6-wv neutronsfor LneZastic‘tattering

measurementof inelastic

measurements,this cmresponds tsa

cn2 for the cr3s8 section@

by the elementslistedin Table 1110

The biasesat whichmeasurement+az-ereportedare differentfor diffcre~..t

substances partlybecausethe ‘-sasurementswere carriedout at cliffere~~t

tlmeaover a periodof over a ;:ar and the detectingquipment was

duringthatperiod.

MEASUREMENTSUSING1.5-MevNEU’’:ONS

Source

le5-=Mevneutrons wer likewise

The angleLo was chosento be ‘OO. The

obtainedfrom the L&(p,n)

protoncurrentintegrator
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a monitor. ‘l’heIA targetwas E’oaut70 kev thickwhichpvoducesan energy

spread of 80 kev in 1.5 WV.

Detector

The detectorwas a s~’i?ricalionization chamberz,~[t

The collectingelectrode,a bal}.I/hit in diameterswas mounted

brassrod in the centerof the s>here. The chamberwas filled

●

in diameter.

on % @’

witiha

mixtureof

conditions

collecting

W lbs/in2of =gon ~nd 12 W#i.n2 of hydrogen.

the rangeof a 1.5 I:YJ protcn is aboutone inch.

vc)ltageof 2100was ~c@5ed to the outer shell.

Under these

A negative

The se.ns.itiility

of the detectoras a .flmctd.onc,:neutronener~ at threebiasesis shown

in FiR. &. The responseof tht detectoras a functionof the angleof

incidenceof the neutmonswas fmxl to bo uniform.

Results

● h TableIV the resultisfor poor geometryand bsckscattering

experimentsare listed. The l:?t columnof TableIV showsvalueaof

transportcrosssecbi.on,the rt::ultsccmwcted for multiplescattxwbg

b@.nggivenwithoutparentheseswhilethe resu?.tswhichdo not take intc

accountmultiplescatteringart given.in parentheses.

TableV showsthe re.’-’ltsobtainedin severalring scatterit?g

geometries(eeeFig. 2b). The 135° ring scattering geometry should @e2.d

resultsidenticalwiththe disl”backscatteringgeometry. ‘Theresultsfor

Fi in thesetwo geometries(Ta~fieIV and 1?)

indicatingthat the gecmetric‘;adowof the

ring on the-diskscatterer.

The cross sectionsft!rthe Lnelasticscatteringof l.j-Mew

0



. .

neutronsare given

degradationdue to

mightbe present.

9--
,

in TableVI. For the lightelementsthe energy

elasticcolli~~.onsmasks any in81ast.icscatteringwhich

Calculations showedthat the bias effectobservedin

elementslighterthan ironmay k? attr~butedentirelyto elastic

scattering,exceptin the casec:;aluminumwhere thereis an indicationof

an inelasticorosssectionof 1 :;’?2 x 1.0-25cm2 which,however,iS Mthan

the accuracyof the meaaurementf:oThe cross sectionscomputedtakinginto

accountmulti@e scatteringare <,ivenwithoutparenthesesin TableVI,

whilecrosssectionswhich are f~t c~rrected for multiplescat~;eri.ngare

shownin parentheses.The satisfactoryagreementbetweenthe I’es.llts

obtainedby We two methods in ~!!ecase of Fe and Pb indicates that the

effectof’multiplescattering01 the calculationof inelasticscattering

crosssections is not appreciab~efor the scatterersused. FOX’ l% and ?rJ

the crosssectionsfor inelastilscatteringbelowthe high bias couldnot

be determinedbecausedifferenttiaseswere used in the transmissionand

backscatteringexperiments.

not used in the calculation

?5EASW!IWN’!’SUSINCS=?lev

Source

3-Mevneutrons

For thd s~mereasonthe hi~h

of ‘.;ansportcross eections,

bias data were

were o’~lioained2rom the d-d reaction. A thick

D@ ice targetwas bombardedwi,humne&zed 200-kevdeutexonions K7Mch

were accelerated by means of a ::~ckcrof’t-!’Jaltonset. The acpmmpanying

d(d,p)E13 reactionwa8 used for ‘“!ntitiringthe neutronin+,enaity.

The measurementswere at firstcarriedout at an angle &o = 6’~o
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in orderbe minimizethe effe’%of the anisotropyof the neutronsource.
.

At thtsanglethe neutronene?$g is approxba%ely2.8 Mev. It ma$ found-$

however$thlatit wa~ extremel::difficultto carryout b=k~cat~=f.ng

experimentsin the geometryf’c?which Lo = 60°. ‘Y.hecountdue to the

smallnumberof backscatteredneutronswas lessthan the backgrounddue

to neutronsformedin partsc:?the acceleratorotherthanthe target.

l{owever,by carryingout the experimentsin the forwarddirection

(*0 =0°, neutronenergy3.3 !-W) the detectorwas s-hieldedbythe

shadow-ccwwfrom the neutrons&om spurious

All.the backscatteringexperi~=ntsand some

were carriedout in thisgeof~~~ry.In this

sourcesin the accelerator.

of the transmissionexperiments

case the backgroundwas alw.sy:3

smallerthan the count

Detector

‘t’hedetector

at 1.5 lb exceptthat

and A atmo30of argon.

was the same as the one used for the exper”imenta

it wafifilledwith a mixtureof 2 atmos.of hydrog%n

Sinc~’no neltronsourcewas availablethe enej?~of

which couldbe variedcont$n’’mmlyup to 3 Mev no directdeterruinatio~iof

bias energieswas possible. ~nstead,the countingrote as a functionof

bias was measuredi’or5Wlev:’dx’ons. It was amuamd that the extrap~ktion

of the bias curveto zero co.~qtingrate wouldgive the pulseheight

correspondingto the primary:nergyand that otherbias energiescoul~ibe

obtainedby takinga linear~’~:pendenceof pulseheighton neutron ene::gy.

Results

. In

2.8Mev, ax=e

‘PableVII the rwilts obtainedat Lo =60°, neutronanergy

listed. Table ~’YIIgivesmeasurementscarriedout in th~
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9 I?wward direction. The latte~reouirean

anisotropyof the source. Th( correction

appreciablecorrectionfor the

was calculatedfrom the measc~u”ed

responseof the detectorwhenit was movedon a circlearoundthe source.,

Tha last columnof TableVIII thofiacalculatedtransportcrosssectionr.

The calculationof the transp”~ticrofissectionsassumesthatthereis no

significantdifferencein the :,rosssectionsbetween2.8 and 3.1 Mev.

The correction for the anisot!cpyof the sourcewas applied. In view Of

the fact that energysensitiv::ycurvesfor the detectorwere not avaiLable,

the calculationof the transp~t crosssectionfor lightelementsis

subjectt’oconsiderableuncer+.inty.Only the data takenat the low biaa

were used for obtainingthe * .’,nsportcresssectionfor C and 3e0, sin::e

the effectof energyloss in -J.asticencounterswill be leastnoticeable

at the low bias. Only the va~~~.esof q givenwithoutp=entheses =e

correctedfor multtpleScatte.-.ng.

TableIX givesa suwry of inelasticcrosssections. The lack

of knowledgeof the energyse:~’i.tivityof the detecixwmade it impossible

to determineinelasticcross ‘mtions for lightelements.
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Capticnsfor Figures

Fig. 1.

Fig. 2

Flge 3

Fig. &

Responseof the sphericalproportional counter used

for the detecti.c=of ZOO-Kevneutrons as a function

of neutronenergy.

Geometryused ir.scatteringexperiments.

a. Backscatterl.ogfrom a disk

b. Scattering!J a ring

Responseof the <cylindrical proportional counter

used for the de”:clzionof 600-Kev neutrons as a

function of neuron energy.

Responseof the :Jphericalionizationchamberused

for the detectiM of 1.5-IMv neutronsas a function

of neutronener----
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me of
sample

1

2

3

4

5

6

7

8

9

10

e

U

12

13

Substance Tljic.be~8
of Sallple

cm

Be

R(normal.)

B(8005% EP)

c

c

EeC)

Ih30

Be!)

Al

Fe

Ni

co

h

14” Ta

15 Au

16 Pb

17 c

“u c

19 mm

’20 BeO

a Fe

Pb

Pb

2.%

3d8

3d8

1.27

3.$1

1.2s

4037

k.bk

2.54

2.54

2,51$

2-54

2,54

2-54

2.54

2.54

?.{ass
kg

2.39

2.28

2.16

0.981

3.09

1.43

3.91

3.12

305$

10.0

1107

10.6

K1. s

23.@

24*9 ‘

3.4.6

Atoms or I.D. OC.D.
molecyles/ca2 cm cm
x 10-~ —.

o.318

0.251

0.0972

0.306

O.(M’O

00N35

0.IA9
●

0.153

0.23.4

0.237

0.219

0021.4.

0.137

00150

0.0%36

‘ 0.103 17.$ 25.4

0.306 1’7.s ~~e~

O.mo 1’708 2505

00186 X7.$ 25A

00216 17.(3 25A

0.0836 1708 25A

0,0836 15.2 25A
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Scatteringcross sections for_O.2-Mev Neutrons.- -s—-.- .—

Crosssec?.onsin 10-a’cm2

Sample Vatorial 9° $Xf”ring geometry
NO● geometry Bias+ 11.’.’medium high

—— — . ..——

135° back-
scattexing geometry
10W fR@dh.M high

Fransport

Ckoss Section

.’-..

1 Be

2 B

17 c

6 BeO

19 MO

o
9 Al

10 Fe

21 Fe

15 Au

16 Pb

22 Pb

k.5

309

ka7

2.3 (absorptioni.btracted)

sr/6

4.1

6.9

5.8

3.2

7.7

7.6

2.7 2.3 1.9

2;” 2.5 2.2

4.6 3.9 3.4

4,L. 3,6 3d .

.205 204 204 3.,0

2.:; 2.6 205

4,.9 4.7 4.6 6.4

509 5.$ 600 700

6..:. 6.2 6.0



CM*%0~0.6==MsvNeutrons

Mas ..I.ita15.csin Kev

sample
No.

1

2

l’aterial

—.

De

B

5

06

9

10

13

1.2

16

30°
geometry

60°geo.?+iry

3.3

2.7

3.6

3.0
(absorption subtracted)

*

c

%0

Al

Fe

C!u

co

Pb

2.4

3.0

6.2

3.6

2.1

3.5

3.4

5.1

90° geometry

190 300 @
m m 500

(inclutes ahorpbio:

100 200 375
nzzzrl

80 175 360
rjr?iiz

2.1

(;:!)

5.0
{5.2)

3.,0
(3.1)

(R)

(3.5)

(3*k)

(t:$)

.0
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Scatteringcrosssecti>nin 10-~cm2 for 105-?c!ev!?eutrons ‘

Ssnlple ?~at~ri~
No●

——

xl ~f.

3.2 ‘ CG

13 Cu

16 Pb

30°
geometry

1.9

2.0

200

1.4
subtracted)

200

1.8

306

2.7

2.6

2.7

2.7

2.6

5.5

3=8

90° geometry

370 790 950
mmzx

370 790 950
mx’zm

400 9501300 Mxl 950 Uoo
ZZZZZ2.8XZ?XZTXIZ

MM 950 Uoo——
m 300 3.4

Q ‘?50U50. ..—.
2.0 1.7 1.2

470 750 Xuo
m Y.3 -’m

MN 700 XLoo—-
3.1 2.X m
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SampleNo.

M?

20

22

23

TMILEv

ScatteringCrossSecti.o;.in 10°4 cfiiafor l.~ Mev Neutrons

Bias:.j,italicsin Kev

Pb

3.3.5° M.ng geometry 1.35° ring geometry

Q 950 XLoo
1.5 in ~

400 950 1100
mm-ixz

400 950 lmo.
mm-z%?
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E1.emen%

m.

co

Cu

Ta

Pb

InelasticScattering:‘0ssSectionfor lo5-WevNeutrons

Inela:..’.c scatteringcross sectionin 10-acn2

below ~OW bit~ belowmedium bias below-h bias.——.

(0) (0.2)

(0) (0.2)

(0.3) (006)

(006)

. (000)

(0.9)

(2.7]
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TABLEVII

ScatteringCrossSeL~.ionin 10-W cn2 for 2.8-Mevlkutrons

SampleNoe %terial

5 c

.3 ‘ BeO

9 n

10 Fe

15 Au

16 Pb

30° 60°

Bias.(Me-t-+ 007 1.4 2.1

106 102 205 105

4.08 4..0 4-4 5c.2

()($?

0.’7 1.1, 2.1

1.O. 1./”. 2.0

Lb 2.2 3.2

5.0 6.Jt’ 6=6



Sample
NO ●

1

2

3

5

$

9

In

e 12

13

15

16

Material 0

+
60° 90°

‘Bias Mev)-+0.75m 2.25 0075 1.5 2.25

1% 2.5

B 107

B 2.0

Blo 1.5 (absorption m ratted)

&l 1.6

c 104 1.S 2.6

BeO 2.4 3;2 4.2

Al 2.4 1.6 1.7 1.9 1.4 1.6 2.0

Fe 2*2 2.8 3.6

co 2.7

C!u 2.6 2.1 2.5 207 2.6 3.6 3.6

Au hc.$ 4.5 40’!4.8 5.6 606 7.0

T% 406 3.9 J$.5 4.7 4.2 1$.e 502

1.6 Z.1

1.9 1=0

100 0.7 0.4.”

1.2 0.8 0.5

1.0 0.6 004

1.0 0.5 002

0:9 0.4 0.:

2.3 1.9 1.5

(1.7)



Whstic

El.enent

Fe

Cu

Au

F%

* a

‘I’i,3LEIX . .
.

ScatteringCx.;mSectionfor S-WW Neutrons

Inelt.:lLicscatteringcrosssectionin 10-4 CE2
below~OYfbiiq belowmedium bias b~kW high bias—.

0.3
(005) (R) (ii)

(006) (1.3) (1.5)

(2.1) (2.g) “ [300)

(M) (:::) (::2)
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