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ABsTRACT

Photographicplateshave beanusedto measurethe energyof

neutronsfrom thefissionof 25. The spectrumas infarredfrom the ranges

of 850 protonsrecoilingin the forwarddirectionshowsa very wide mxhum

at-1.s

beyond7

spectrum

is about

Mev with an exponentiallydecreasingMa enbrgytail.whichextends

Mev● The minimumenergy neutronsrecordedwere N700 kv. If the

is extrapolatedto zero,one findsthat the averageneutronenergy

1.85blev.The stoppingpovierof the plateswas calibratedby the

use of monochromaticneutronsfromthe Li7(pn)Be7 reactionand the d-d

reaction.
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● ‘THEFISSIONNEUTRONSP&CTRUMOF 25

The neutronfissionneutronspectrumhas baenquantitatively

1)
measuredby cloudchambertechniqueat Rice, by photographicemulsion

2)
techniqueat Li;erpool,

3)
and by ionizationchambertechniqueat Stanford.

Since thesemethodsgave discrepantresults,more work on the fission

neutronspectrumseemd desirable. The photographicemulsiontechnique

appearedto be the most promisingmethodfor coveringa.widerangeof

neutronenergi6sin one run and keepingscatteringmaterialto a minimum.

ExposureArrangement .

slowed

Van de

7< 250 kv energyfrom the Li7(pn)Be wereNeutronsof energy-

downby +60 gm paraffinh frontof the Li targetof the Minnesota

Graaff. The therma33.zedneutronsproducedfissionsin a cylinder of
\

uraniummetal (weight330 grams,sizeapproximately3/41:x 1P) in frontof

the paraffin(seeFig. 1). The plates~ere thenplaced +5 cm frcm tho

uraniumso thatthe fissionneutronswouldbe well collimated.The plates

were 3.OC#thick U-fordSpecialHalftoneplates,and werewrappedfirstin

thin al.&um foil.and then in blackpaper. The al.usdmunfoil serves to

retarddryingand strippingof the thickemulsionsused and preventsproton

recoilsfromthe paperwrappingfrom enteringthe eml.sion. A 30# ampere

hour bombardmentof the Li targetwith‘2.0 Mv protonsgave on the platesa

1) W. E. Bemett and H. T. Richards$CF-325
2) J. Rotblat,T. Pickevance,S. Rowlands,J. Holt and J. Chadwick,B-86
3) F. Dlochand H. Staub,LA-17and L4-17A.
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satisfactorynumberof protonrecoilsfrom fissionneutrons.

run with the uraniumreplacedby an equivalentlead cylinder

and no recoilprotonswere observed.

Meamring Technique

A background

was alsomade,

The viewingand meamrfig techniquesand criteriafor measurable

tracksare essentiallythosedescribedin earlierneutronmeasuromontsby

4)
the photographicemulsiontechnique. All actualtrackmeasurementswere

made by 1. H. Perlman.

Calibrationof Plates

Carefulcalibrationof the stoppingpowerof the Ilford100#

4,5)
halftoneplateshad been done earlierat Rice Institute. A heavyparaffin

target 20 kv thickwas bombardedby magneticallyanalyzed700 kv deuterons,

and plateswereplacedat 0° and 90° to the tar-t. The mean rangesof 200

recoilprotonsmeasuredon eachplatewero 1352 2P and ’722 1P (Theerror

is an estimatederror which dependsupon how the curvecan be drawnthrough

the experimentalpwints~ Since recoilsUp to 12° anglewith the incident

neutronwere measured,theseman rangescorrespondto neutr’onenergies

(1/2)En0~ lessthan the neutronener~ calc~ated from *nn~r’s Q = 3031

dMev. Therefore6.62 0.1- of omul.sionwas equivalentto 1 cm of air for

stopping3.73 Mw protonsand 6.5 * O.1# of emulsionwas equivalentto 1

cm of air for stopping2.60Mm protons.
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Thiscalibrationwas checkedfor laterbatchesof Ilfordplatesby

exposingplatesat 90° to the d-d sourcein r~Zl!.This .agreedwith the

earlierRice value,givingin this case a relativestoppingpowerof 6.7 %

0.2~ of emulsionequivalentto 1 cm air for 2.50-(1/2)Ef32= 2.39WV
o

protons.

since

as low energies

of range in the

it was deniredto measurethe fissionneutronapcctrumto

as possibleand sinceenergyis such a sensitivefunction

low energyregion,it wqs alsodesirableto have calibration

pointsfor lowerenergyneutrons. Thereforathe Li7(pn)Be7sourcewas used

to give monochromatic

About200 treckswere

plates. The stopping

calibrationneutronsof -0.6, 0.9,1.3, and 1.8 Mevi

measuredon each of thesolast threecalibration

powerresults(exceptfor the 0.6 Uev point)are

givenin TableI. (Seepage 7).

From TableI we see that

changeas a functionof energyfor

.

experimentallythereis no significant

-tiestoppingpowerof the emulsion
.. ...3

~ t., i

relativeto air. This resultis As one wouldexpectsincethe stopping

powerof the emulsion dependsboth on the heavyAg and 13ratoms and the

lightC, H, O and N atom of the gelatin. The changesin relativestopping

powerwith energyare in oppositedirectionsfor the light

and for reasonableguessesas toAgBr concentration,etc.,

and heavyatoms

shouldjust

aboutcanceleachother.

takenas 6.6~ equivalent

neutron.

The stoppingpomer of the efuulsionwas therefore

to 1 cm air indepmdent of the energyof the
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Ln Figure2 some of the calibrationdatahave been plottedin energy

intervalsto indicatethe resolvingpowerof the emulsionmethodfor different

energyneutrons. The 1.8 Mev calibrationpainthas an =perfiflentalhaJ-fwidth .

of -0.50 Mev. Targett+ickness,pure rangestraggling,andmeasuring.recoils

out to 17° shouldaccountfor - .Z5 W hdf width. ‘Theother .25W straggling

is to be attributedto the inhomogeneouscharacterof the photographicemulsion.

This inhomogeneity(colloidalAgBr in gelatin)increasesstragglingfor two

reascms. First,one estimatesthat abouthalf the stoppingpowerof the

emubicm is due to the heavyAgBrcolloidalparticlesdispersedthroughthe

emulsion. Theseare of the order> in diameterspacedof the orderof 1..

●
apart,and hencefor 1O-3O)Atracksfluctuationsin the numberof colloidal

AgBr particlesmay considerablyincreasethe true rangestraggling.This

stragglingshouldbe qmunetric. The secondstragglingeffectintroducedby

the AgRr particlesis an asymmetricstragglingand resultsfrom the faat that

not all AglWgrainsthroughwhichthe protonpassesbecomedevelopable.Hence,

if thereare severalinsensitivegrainsat the beginningor end of the recofi

protonfsrange,the measuredrangewill be too short. That such insensitive
)Wl

regionsexistis shownin the photomicrograph(Figure3)’ofa 78A recoil.

protontrackfrom a 2.6 kkv neutronused for calibration.’Such insensitive

regionsare muchless rarefor alpha-particletrackssince the specific

ionizationis severaltimeslarger,and for the same reasonare less common

near the end of the protonranm (peakof Braggc~ve)” HaeverS ‘llis‘tu

resultsin a much largerproportional.stragglingfor shorttracks.
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Figure3

Backgroundgrainswhichmay be

contributeto straggling.Thesevarious

mistakenfor part of the trackalso

factorsdefinitelypreventthe appli-

cationof the methodfor very low energies(rangesin emulsion== 10~, i.e., .

Ec<&X) kv), However,the calibrationdata at 900 kv (aceFigure2) still

givesa symmetricgroup~ith a small.enoughhalf width thatmeasurementsin

this regionmay stillh useful.

A calibrationpointwas attemptedfor 600 kv neutrons(rangein

emulsion*6.7

importantthat

concludesfrom

Imicrons i,e. x4-6 grains), but the stragglingis here so

no completegroupcan be found (seeFi&@ 2). Hence,one

the calibrationdata that the emulsion methodmay be useful
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~om to energies of about900 kv but not verymuch lower.

For accurateeucrgy-spectrummeasurementsit is of cowrseimportant

thattherebe no preferentialselectionof shortor long tracksfor measure-

ment. ‘l’hiswas testedin two \Yuys,/ ‘BNoobservers(3.H. Perlmanand H. T.

Richards)independentlyexaminedthe same areaof a plute. The numberof’

tracksof a givenranger~,portedby eachobservercheckedwithina fsw per

cent. The othercheckco~sishecin experimentallydeterminingthe numberoi’

acceptabletracksper uni,$.area on the 1.9 and 0.9 Mev calibrationplates

whichhad been exposedto neutronfluxof differentenergyand mae~itude. If

correctionis Jnadefor tht differentflux and neutron-protonscatteringcross
.

section,thenumberof tr~cksper unitarea On the two platesshouldhave

been1.98. ‘1’hecxperi.men{.allyobservedratiowas 2.08,whichis probablya

fortuitouslygoodch6ck s:ncethe hydrogencont,entof tha platesmay be

expectedto very appreciablywith the humidityof the air. This point is

beingcheckedby chemicalrxdysis of the hydrogericontentof the plates.

Alsoif one knows the hyd~ogencontentof the plateone can estimatethe

absoluteexpectedtrackdtinsity.Thishas not yet been done pendingan

analysisof the platesfo~

Results

About85G remoi,.

exposedat W_nnesota. ‘1’h>

1+2,

protontrackshave beenmeasuredon We plates

rangeintervals=ere convertedto energyintervals

by use of the Cornellran;e-wir?rgyrelationand the

.—

experimentally
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stoppixgpower

(1/2)W: ($.=

of the eml.sion. Each e;mgy

17°)becausa rocoih out to e
o

intervalwas decreasad

= 17° wero cmaaured.

by

Tile

rwil.ting recoil protondistributionwat;then correctedfor variationof

?)MM neutron-proton scattering cross sec:,i.onwith ener= and for a g@onetry

cxmection arisi~~”fromthe factthat slightlyficlinedlong tracksare

muchmore likelyto leavethe emulsion~andhencenot be acceptablefor

4)
measurement)than shorttracks. The geometrycorrectionfactor is of the

form‘

~h~re{v(s)is the probabilitythat a trickof length (s)be acceptablefOr

measurement,d is the depthof the emllsion,and 90 is the mati~

acceptableenglethat the recoilprotoncan make with the incidentneutron

direction. l/W(s)is plottedfor varioasenergiesin Figure4 (seepage 13}

to indicatethemagnitudeof the correction.

The inferredneutronspoctrunafterthese c&rections have been

I made i~ givenin Figure

ie 0.67 ttiasthe.error

Discussion

5 [see page 14),

indicatedon tha

The probable

curve.

errorof eachpoint

The neutronspectrumappearsto have a ratherflat maximumfrom

-O*8 - 2o0 !s@Vo Abovethat energyit dropsexponentially,dscread.ng

roughlyby a factorof two for ~ach1 F!svincrease in energy. A few per

7) !tl.nnosotameasurements- LA U and X 599
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centof the neutronsmay stillhave encrgi.es~’‘7.0Mev.. In shapethe,

high-energyend of the speotrum(i,~.EP> 2.5 W) agreessatisfactorily
.

with the resultsof BlocharidStaubJand with the Britishresults. (see

Figure 6. page 15.) On the low-energysideof the Qpectraumthe results

dis&@Q with both Blochand Staub and the British. 131.Qch and Staub ~

reportthatthe spactrumcontinuesto rise cxponentiall,ywith dacrcasing

neutronenergy down to a millionvolts?while the Britishhave a pronounced

maximumat -2.0 Mev~ the numberof neutrc.nsfd.1.ingtc halfvalue by .8

E!ev. Sincethe Stanfordmethodobtainsthe spectrumfrom differentiating

tke integraldistributionof recoilsat all angles,the differentialspectrum

is a very sensitivefunctionCItthe observedintegraldistribution.Hsnce,

8)
as Blochand Staubhave pointedout, part of the discrepancybetweenthe

presentmeasurements(availableto therzin a preliminaryform)can arise

from the factthat theirobservedintegraldistributionnay be too high on

the low-ener~ end bacauseof pilingup of small.pulsesfrom gammarays and

becauseof the fsct thattheirmodulationschemebiased.theirresd.tsh

favorof the delayedneutronswhichpresumablyare of low energy.

The disagreementwith the Britishmay k part be statisticals~nce
.

theyonly ob$erved200 tracksand may in part be due to theirmeasuring

recoilsout to 30°. A recoilprotonat 30° gets but,w3/4 the energyof

the neutronand hencefor lessthan 1 iev energyneutrcms,the rangesof

part of tha recoils are quite short. Cur presentcalibrationstudieswith

—— .—

8) Bloch and Staub,LA 17A.
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monochromaticneutronsindicatethat these.verylow energies(<800 kv) may

occasionallybe missedparticularlybecause inhomogeneitiesin the emulsion

introducelargeadditionalstragglingwhichthrowssomerangesto below

detectable values. Also the use of 3 kg. of U308 insteadof 330 gms of

the metalfor the fissionsourcemay accountfor part of the difference.

1)
For comparison,part of the cloudchaaberdata at Rice is

inc&uded. The run takenin C2H~ is chosen,becausethe geometrycorrections

for it are smallest,sinceethanehas a high stoppingpo~?er.Also the Rice

data herereporteddo not includetheirinelasticscatteringcorrection,the

magnitudeof whichis very doubtful. At the low-energyend <2.5 h!ev (whore

the cloudchambsr’dataare best)the agreementis satisfactory.Above 2.5

!kw the Rice statisticsare so poor and the geometry corrections becomeso

largethat little~eightcan be givento theRice data. Howeiverjthe

flatnesaof the cloudchamberdatain the region

supportto the presentspectrumas comparedwith

by Blochand Staub.

1.0- 2.5

the sharp

l~evdoos lend

risereported

It is difficultto saymuch about the shapeof the spectrumbelow

1 Mev sincethe calibrationexposureswith monochromaticneutronsindicates

thatthe photographicmethod loses its reliabilityin the region< 800 kv.

By the use of hyd~ogenin the cloudchamberthe Rice groupextendedtheti

spectrumto 0~4 Mev energyand theirresultsindtiatiedthat the numberof

neutronswas decreasing

extrapolatetha present

that the everageenergy

in this region. Thei%foreit seemsreasonableto

spectrumto zero. U’ this is done,one estimates

of the neutronsis‘- I.85kiw whiohchecksody

~“
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roughlythe value (Q2.2 Mev)whichChristy 9)and Manley reportfrom the

waterabsorptioncurveor the fissionneutrons.

The fact that the calibrationprotonrecoilgroupsfrom the

Li(pn)Be7sourceare not quite symmetricmay also indic.stethat the low-

energyend of the presentspectrumhas ioo high an amplitude. If one knew

thata33.the neutronsincidentupon the calibrationplateswere really

monochromatic,thena correctionfor this asymmetrycould be calculated.

However,i.tis possiblethat a significantpart of the excessnumberof

low-energyrecoil tracksmay actuallyrepresentneutronswhichmere either

ori.gi.nallynon-hoaogsneousin energyor which had been degradedin energy.

At any rate the correctionwould only be of importancefor the low-energy

end of the spectrum(c=2 W) since

symmetric. #

iiecentlyt’ermi~sgroup
10)

the d-d spectrumat

at Chicagohas done

2.60Mev is quite

carefulexperiments

on the siowingdownof fissionneutronsin carbonand in H20. They find a—

2 2 11)
r in carbon of’ 1856 Crnzand r .iJ.520 of ;,7;~cmz. Ridman has cal-

2
culatedths r to be axpccted from the presentspectrumand tindsvalues

2 2of 1958 cm and 177 cm for the two respectivecases. The sign Of. tha

small discrepanciesin suchas to indicatethat the presentspectrumgives

slightlytco high an averagevalue. HoHever,thereare

to indicatethat actually the converseis true. First,

9) R. F. Christyend J. Manley,CF-209.
10) E. Fermi,J. Wrshall andL. lkwshal.1,CP-1OP4.
11) Richman,LAA.Ll

threeotherfacts

the asymmetryof
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the calibrationneutrongroupsmay man the photegraphiemethodis weighting

thelow energyneutrons. Sec~nd3.y,‘he normalalloyfissionsourcewas

thickenought’iat as high as 15$ of the fissionneutronsfrom the far sida -

of the fissionsourcemay have been inelasticallyscatteredbef’ort?reaching

Vim plate. Thirdly,the averageneutronenergyof the presen%$pectrum

(L85W) is significantlylessthan the waterabsorptionvalue (2.2)
9)

observedby Christyand Manle?y.

It is hoped soonto resolvethesedifficultiesby more careful

calibrationstudiesand by repeatingthe speetrummeasurementwith an

enriched25 sourcewhichcan be smallenoughthat inelasticscattering

will be negligible. -
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