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CHAPTERI

IMCR~TION

The two co~eting reactions

D+ D- T+p+4.04Mev (1)

D+ D- He3+ n+3e30Mev (2)

were firstnotedin 19s4h a paperby Oliphant,Harteck,ad
1) 2-8)

Rutherfo~. Ider workers have shownthatboth the total

cross sectionand the ditferentielcrosssection(i.e~$cross

sectionper tit solidangle)of the two reactionsare quitesimi-

I&r up to bomlxuxlingenergiesof aboutfourMeY; and that,up to

these energies the angular

1) 01.iphant,Harteck,and
(1934)●

distribution of the reactionparticles

Rutherford,Proc.Roy.Sot. &&$ 692

2) Kernpton,Browne,ad hkasdorp,ProcoRoy.Sot. A157,386
(1936)●

3) IL B. Roberts,p@. Rev.& 810 (1937).

4) R. Iadenburgand M. H. lknner,PhYs.Rev.~ 911 (1937).

5) Coon, Rwis, Graves Graves$ and hftmley, LADO-56 (1944)
(declassified\.

6) Coon,hcis$ Graves,ad Manley,LAEC-75(1944)(decMMfhd).

7) Bl&r, Freier,Iampi,Sleatcm,and Williams,phys.R=. ~, I-599
(1943)●

8) G. T. Hurcterand H. T. Richards,BuU. Amer.Phys.Sot. ~,
No. 7, U (1948)0
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fromboth (1)and (2) followsfairlycloselya

N(e) = 1 + A(d)Cosze+ E(E) C054e

-2-
‘?-12;

law of the form

. . . ...00 (3)

where8 is in the centerof mass systemand A(E) and B(E) are

constantsfor constantenergies. In fact,the coefficientsof the

COS29and cos40termsas calculatedby the Minnesota

verynearlythe samefor’bothreactions. A studyof
13)

reactionat 10.3lievhas beenmade at Los Alamos.

7)
group are

the D(d,n)He3

An analysisof the differentialcrosssectionfromthis study

indicatesthat termsup to cos8ehaveto be includedto fit the
14,15)

experimentaldata. Leiterand othersat Illinois have

measured

and have

The

the differentialcrosssectionof reaction(1)at ten Mev

obtatieda fit by includingtermsup to coslo~e

generaloutlineof the present’experimentis as follows:

A thin deuteriumgas targetwas bombardedwith 11 Mev deuterons

fromthe 42 in. Los Alamoscyclotron(seeFig.1.) Reactionprotons

9)

10)

11)

12)

13)

u)

15)

Hunto~$Jf-ett, Baylw, and

Manning,Huntoon,Myers,and

Van Allen,Phys.Rev.~, 97

Young,Phys.Rev. ~, 371 (1941).

Bennet,Mandeville,and Richards,Phys.Rev.6j, 41$ (1946).

Bretscher,French,and Seidl,Phys.Rev.~, 815 (1948).

Erickson,Fowler,and Stoval.1,Phys.Rev. (tobe published
1949)●

Leiter,Meagher,Rodgers,and Kruger,Bull.Amer.Phys.Sot.
~, No. 4, U (1949).

P. G. Kruger,privatecommunication.



Figure1

Arrangementof Los A1.amoscyclotronand reactionchamber.
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emittedfrom thistargetchamberby virtueof the D(d,p)Treaction

were counted~ meansof a proportionalcounterplacedat various

anglesto the be- The main beamcontinuedthroughthe targetinto

a Famday cage ~ means of whichthe totalnumberof’deuteriwnpar-

ticlesbom?xmlingthe targetwas obtained. Thesedata, together

with the geometryof the secondaryparticlesystem,perndttedthe

calculationof the desireddifferentialcrosssectio~

.
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✎ CHAPTER11

APPARATUSAlm APPARATUSCHECKS

A. ANGULARDATA.

As mentionedabove,the Los Alamos42 in. cyclotronwas used as

a sourceof deuteronsfor the experiment.This cyclotronproduceda

focusedbeamof deuteronsin the reactionchamberwhichwas located

approxiniately15 feetfromthe cyclotronmagnet. The beamwas defined
*

to ~ 1.1°by two beam-definingslitslocatedapproximatelyfivefeet

‘e apartin the tubebetweenthe focus

A goldbeam-definingdiaphragmwith

frontend of the gas targetchamber

~ 0.6°. TWO anti-scatteringslits,

magnetand the reactionchamber.

a 3/16 in. hole

fhrtherdefined

one locatedone

locatedon the

this beam to

footin front

of the targetand the otherin the targetchamberitselfprevented

.

deuteronswhichwere scatteredby the walls of the tubeand the tar-

get chamberfrom enteringthe counter. Twice,duringthe threead

one-halfmonthscourseof the experiment,the positionand spreadof

the beamwere measured. Thesemeasurementswere made by movingthe

proportionalcounter(adjustedto act as an ioniaztionchamber)to

variouspositionsin the path of the beam and recordingthe relative

ionizationat thesepoints. Thismethodrequiredthat the cyclotron

beam intensityremain

beingtakenwhich,in

operatingtime elapse

fairlyconstantwhilethe variouspointswere

turn,demanded

duringa run.

-5

that a minimunof cyclotron

The dataweretherefore

m



a

.

s

.

●

✎

-6-

takenby recordingboththe counterpositionand the relativeioni-

zationon GeneralElectricRecordingMicro-ammetersand lateranaly-

zingthe tapesto obtainthe beam distributioncurves. Figure2

showsone of the curvesso taken.

In both of thesemeasurements,the beam passedthroughthe

targetbeforeit reachedthe counter,so that scatteringdue to the

entranceand exitnylonwindowsin the targetchambercontributed

to the measuredspread. At one timeduringthe courseof a previous

13) the beamdistributionmeasurementswere made with noexperiment,

targetwindowsin the beampth. In all threeof thesemeasurements,

the beam spread

derationof the

fromthe window

relativeto the

was approximatelythat to be expectedfrom a consi-

geometryof the slit systemand Rutherfordscattering

material(seeTable I.) The positionof the beam

counterangularscalewas the most importantresult

obtainedfromthesemeasurementssincethis valueentereddirectly

into calculationsof the differentialcrosssectioncurves

The energyof the cyclotronbeamwas measuredat frequentinter-

vals duringthe courseof the experiment(~ timestotal.) The

methodused (magneticdeflectionof the beam)had been checkedprior

to the startof this experiment
16)

by determiningg, by means

aluminumand air stoppingelements,the air equivalentpath

beam. Repeatedmeasurementsof this

+ 1.0were consistentto betterthan-

16) (lurtis,Fowler,and Rosen,Rev.

energy,duringany one

of

of the

day,

percent,and it was estimated

SCi. Inst.20, 388 (1949).



Figure2

BeamDistributionCurve.
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thatthe absolutevaluewas correctto within-+ 2.0 percent. During

the courseof the experiment,the valueobtainedfor the cyclotronbeam

energyvariedfrom10.78Mev to 11.02Mev. Thiswas a gradualshift

overa periodof aboutthreemonthsand was believedto be a real

shift.

figures3 ancl4 are two dews of the apparatusin the two foot

diameterreactionchamberas usedto take the angularpoints(i.e.$

pointsotherthan the zerodegreepoint.) Figure5 is a schematic

view of the targetand secondaryslitsystemarrangement.The gas

targetchamberis locatedon an adjustabletargetsupportin the center

of the chamber. The deuteronbeam entersthroughthe 1-1/4in. hole

at the upperrightof the photographs.This holeis actuallyone of

the abovementionedanti-scatteringdiaphragms.The proportional

counter,coveredwith a 1/2 in. lead shieldto cut down the gamma

background,is shownat the upperleft. The innerslitof the

secondaryslit systemis mountedbetweenthe counterand the target

chamberon the rotatingarm of the proportionalcounter. The Fara-

day cage (notshown)is mountedin the largetubeat the lowerleft.

A sectionalview of the targetchamberis shownin Figure6. Its

overalllength,excludingthe gold beam-definingslitat the left,

is 7.0 inches. The centerhole is 9/16 in. diameter,and the side

portsare 9/16 in. highby 3-l~din. long. The holein the beam-

definingdiaphragmis 3/16in. diameter,and that in the anti-

scatteringdiaphragm(shownjustto the left of the sidewindows)

is slightlymore than 1/4 in. diameter. The windowmaterialused
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Figure3

Reactionchamberas used for angularpoints.
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Reactionchamberas used for angularpoints.
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IUgure5

Schematicof reactionparticleeystem.

-12-
.

.



12

*....

1
4

-
0

.



F5.gure 6

Gas targetchamberused for angularpoints.
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was nylonfoilof thicknessesvaryingfrom 2.6 to 6.9mg/cm2. The

photographalso showsthe watercoolingtubes,the gas fillingcon-

nection,and the threemountingpins.

The targetchamberwas actuallydesignedfor use in the present

equipment;however,priorto its use here,it was used in the D-D
17)

elasticscatteringexperiment ; and

experimentcomemost of the checkson

One of the most serioustroubles

therefore,from this latter

the reliabilityof the target.

to be guardedagainstin a

targetwas that of possiblescatteringof particlesfrom the wallsof

the targetintothe counter. Duringthe courseof the D-D scattering

experiment,the thicknessof the targetwindowmaterialand gas pres-

surein the targetwere eachvariedby factorsof

one withoutchangingthe resultsobtained. Also,

obtatiedusingthis targetwere the same as those
16)

more thantwo to

the crosssections

obtainedusing

othertargetsof a differenttype whichalso had been testedin

this sameway (i.e.,varyingof variousparameters.)Were the above

difficultypresentin this target,it wouldundoubtedlyhave shown

up as differentcrosssectionvaluesfor differenttargetpressures

and nylonwindowthicknesses,especiallyin the entrancewindowof

the targetchamber. Besides,sinceit would certainlybe expected

that spuriouslyscatteredparticleswouldnot givethe sameeffect

at all angularpoints,the fact that the pointsin both the D-D

scatteringcrosssectionand the differentialcrosssectionof the

17) Allred,Erickson,Fowler,and Stovall.,Phys.Rev. (tobe
published1949).
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presentreactionwere symmetrical,about90° centerof mass,to better

thanthreepercentindicatesthat spuriousscatteringdid not intro-

duce any very seriouserrors.

Anotherdangerto be anticipatedfrom a targetchamberwas that

the back endmay blockpart of the deuteronbeam from the Faradaycage

after

would

value

the beam has passedthroughthe targetvolume. This,of course,

givetoo low a valuefor the beam currentand hencetoo high a

for the crosssection. The toleranceson the wide angletarget

weremade quiteclose ( ~ 1.50);however,calculationson the basisof

Rutherfordscatteringformulaindicatedthat the losseswouldbe about

~ 0.5 percent. Also,as mentionedabove,the data fromthis targetcham-

ber comparedvery wellwith that from othertargetchamberswherethe

toleranceswerenot so close (e.g.,one chamberused for comparisonper-

mitteda t 3.5° spreadof the beam.) Also,were this difficultypresent,

the resultswouldbe expectedto dependcriticallyon the alignmentof

the targetwith relationto the beam;this factwas not foundto be

true

with

duringthe experiment.

The varioustests,in whichthe back target

no correspondingchangein calculatedcross

indicatedthat scatteringdue to this windowwas

windowwas varied

sectionvalues,also

not sufficientto

causean appreciablepart of the beam to miss the Faradaycage. The

abovementionedbemn-positionmeasurementsfurtherbore this out.

The targetchamberwas filledwith commerciallypurified

deuteriumgas whoselabelclaimedlessthan 0.5 percentimpurities.

However,amass spectrographicanalysisindicatedthat this impurity
.

.
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was of the orderof

ment the gas target

one percent. During

was filledthrougha

impurityexcepthydrogenwas eliminated.

the first

palladium

However,

-16-

part of the experi-

valveso that all

duringthe latter

part of the experiment(i.e.,the part using1/4 in. counterhole)the

palladiumvalvewas brokenand the gas targetwas filleddirectly

fromthe deuteriumtanks. As will be discussedlater,this impurity

necessitateda 5.8 percentcorrectionto the crosssectionat cer-

tain

slit

anglesin the back quadrant.

The secondaryslit systemconsistedof an adjustablevertical

mountedon the rotatingarm of the proportionalcounter(see

Figs.3, 42 and 5) and a circulardiaphragmmounteddirectlyin

frontof the counterwindow. The slitwidthwas set at 1/8 in. The

counterwindowwas 1/8 in. diameterfor part of the experimentand

1/4 in. diameterfor the rest. Secondaryscatteringof the reaction

particleswas kept at a minimumby allowingas littlematerialas

possibleto be in a position near the secondarybeam. In those

place>whereit was necessaryto havematerialnear the secondary

beam (suchas the innerslitholder),-anti-scatteringbaffleswere

providedso that in no casewas it possiblefor secondaryparticles

to scatterto the counterwindowfromwide expansesof metal. Gold

shieldswere fastenedto the sidesof the internalslitmount (see

Figs.4 and5)to preventparticlesbeing scattereddirectlyinto

the counterwindowby the main beam anti-scatteringdiaphragm

(thehole at the upperrightof Fig.4) or by the nylon entrance

and exitwindows.
.
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The counterused to detectthe protons,whichwere emittedat

variousangles,was of the conventionalcylindrical.designwith an

axialcollectingwire and a thin foil

titleentrance
16)

(seeFig.7.) The

diameterby six incheslong. The 5.0

windowin the sidefor par-

cylinderwas two inchesin

mil Kovardal wire was off-

set 1/4 in. so as not to blockthe

counted. The sidewindow,located

was of 1/8 or 1/4 in. diameter(at

path of the particlesbeing

midwaybetweenthe two ends,

differenttimesduringthe

experiment)and was coveredwith either1.1

mg/cm2aluminum.

The counterwas operatedin the region

mg/cm2mica or 2.7

wherethe voltageout- t

put was proportionalto the ionizationbut with high enoughE/p
,

ratioto givegas multiplication.The gas multiplicationcurves

for the counterused in this experimentare reproducedin Fig.8.

These curveswere obtainedby varyingthe voltageon the collecting

wire whilethe counterwas detectingalphaparticlesfrom a plu-

toniumfoil. The pulseheight

scope.

Duringthe experimentthe

was observedon a cathode

counterwas operatedwith

ray oscUlo-

as high as

4000voltsand 52#/in.2 pressure. Whilethesevalueswere weIL above

thosecoveredby the gas multiplicationcurves,the reprcducability

of individualpointsat both low and highpressuresand voltages

indicatedthat no essentialchangein operatingconditionsof the

counterresultedfromthis pressure-voltageincrease.

~ attemptwas made to hold a gas multiplicationvalueof ten



.

Figure 7

Cross-sectionalview of proportional.counter.

.
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Figure8

Gas multiplicationcurvesfor proportionalcounter.
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the experiment.Thisvaluewas chosenarbitrarilyas

enoughto put the pulseswell aboveamplifiernoiseand

yet not high enoughto causethe multiplicationto vary undulywith

smallfluctuationsof the stabilizedpowersupp~ voltage. Pulses

fromthe counterwere fed througha preamplifierand amplifierand

into a ten channel

servedthe purpose

the amplifierinto

18)
pulseamplitudeanalyzer. This analy%er

of separatingthe variouspulsescomingout of

groupsaccordingto the heightof the pulseand

then routingpulsesof a certainheightinto a certainmechanical

counter. Thus,for certainswitchsettings,pulsesof more than

7.5 voltsheightbut lessthan 9.5 voltswere countedby a mechanical

counterlabeled‘ChannelI.ttPulsesof 9.5 voltsbut less than 11.5

voltswere countedin “ChannelIII!, and so on. The top channel

labeled“Surplusl’was arrangedto countall pulsesof greaterthan

a certainamount;namely,the upperlimitof the ‘lChannelIX.~lA

“Total”channelrecordedall pulsescominginto the

minimumof llChannelIlland servedas a checkon the

instrumentas a whole. The operationof the entire

testedpriorto the beginningof data-takingon the

machineabovethe

operationof the

countersystemwas

experimentof

D(d,n)He3by usingalphaparticlesemittedfrom plutonium. By COm-

paringthe pulseheightof the He3 particlesfromreactl,on(2)with

that of ~-particles from the plutonium,it was made certainthat

the particlesbeingcounted

18) E. W. Dexter,LAMS-573

were of chargetwo. Thenlater,with

(1947)(declassified)..

●
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the scattereddeuteronand D(d,p)T experiments

comparedwith that of the Hc? particlesand of

the

the

-21-

pulseheightwas

plutoniumalphas

and foundto be of chargeone. Therewas, however,anotherperfectly

goodcheckon the factthat the properparticleswerebeing counted

in eachof theseexperiments.Sincethe rangeof theseparticles

was accuratelycalculablefor variousanglesof emissionfromthe

targetby the methodof AppendtiB, and sinceat all anglesthe

rangeof the particlesturnedout to be very closeto that calculated,

it was quitecertainthatthe particlescountedwere thosethat it was

desiredto count.

The Faradaycageused for currentmeasurementswas located

behindthe targetchamberand was simplya 2-1/4x 9 h. brasstube

closedat the back and connectedthroughinsulatingmaterialto the

outsideof the vacuumsystem. Amagnetic field,producedin the

Faradaycageby two permanentmagnetslyingalongthe cup outside

the vacuumsystem,preventedrecoiland secondaryelectronsproduced

at the back of the cagefrom escapingout

300 voltson the cagepreventedelectrons

windows,etc.from entering. The cuhrent

the front. A negative

producedin the target

integratorconnectedto

thisFaraday jagewas designedso that when the cagewas charged

to a certainpotentialby the deuterons,a multivibratorcircuit

dischargedit and registereda counton a mechanicalcounter.

Thus,the

hencethe

be found.

totalnumberof coulombsenteringthe Faradaycageand

numberof deuteronspassingthroughthe targetcould
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Aboutthreetimesduringeachday of operationthe calibration

of the currentintegratorwas checked(seeChapterIII - A.) The

day-to-dayreproducibilityof this calibrationat high counting

+ 0.5 percentwhile at lowerrates (128counts/rein)was betterthan-

rates (50 counts/rein)the reproducibilitywas aboutt 1.G percent.

The differencebetweenthe high and low countingrateaccuracywas

probablydue to temperatureand humidityeffectson leakage.

A test of leakagecausedby the beam -- whichwouldnot be

measuredby the abovecalibration-- was made by blockingthe beam

from the Faradaycage andmeasuringthe leakagecurrentwith the

beem on and off;the differencebetweenthesetwo measurements

beingdue to the beam alone. This effectwas of the orderof 0.2

percenton an average2.5 minuterun.

In conjunctionwith the studyof the D(d,n)He3experiment,the

combinedaccuracyof currentand energymeasurementswas tested.

Thiswas doneby measuringthe heatingeffectthat the beam of

deuteronsproduced

thus obtainedwith

Faradaycagedata.

fromthe D(d,n)He3

in a copperblockand comparingthe totalenergy

the valueobtainedby normalbeam energyand

The beam was monitoredwith the He3 particles

reactions. The temperatureof the copperblock

was measuredby meansof an Alumel-Chromelthermocoupleand an

L & N type-Kpotentiometer.The resultsof this expertientare

givenin TableII. A conservativeestimateof the accuracyof the

combinedenergyand currentmeasurementwas ~ 3.0 percent. As was

mentionedabove,the energymeasurementwas believedto be correct



.
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* 2.0 percent.to within- Thusthe accuracyof the currentintegrator

measurementwas probablybetterthan2.5 percent.

TRIAL TOTALiiNEdGY- JOULES ENMRGY
NUMBER THERMALMEJ!HODSIAiIJDARDMiiXHOD RATIO

I 131.0. 129.7 0.990

II 198.2 209.7 1.058

a Av = 1.024

= 2.4$

TABLE11

The abovetestswouldalso showup the presenceof particles

whosetotalchargeto mass ratiodifferedfromthat of the deuterium

ions (suchas deuteriumatomsformedafterthe focusmagnet.) This

‘+ but the possibilityof thissaysnothingaboutthe presenceof He

ion beingh the cyclotronat all was very smalland the furtherpos-

sibilityof its endingup part of the beam was even less.

In orderthatthe protoncountsbe separatedon the 10 channel

analyzeras much as possiblefromthe spuriousbackgroundcounts,

it was importantthat the end of the protonrangelie justin the

counter. In thisway, the pulseof the real countswas higherand

thereforewas recordedin a higherchannelthanmost of the background

pulses. At all but a few back angles(>100° Lab.),the protons

hadmore than enoughenergyand would,if left alone,have gonewell
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beyondthe activerangeof the counter. It was thereforenecessary,

at almostall anglesto insertenergyabsorbersin the secondary
19)

particlepath. To attainthis end,a Selsyncontrolledfoilsystem

was mountedon the reactionchamberlid (seeFig. 9) so that two

coaxialfoilwheels,eachwith ten holes,were locatedbetweenthe

two definingslitsof the secondarybeam. Thismade possiblea

selectionof one hundredabsorbersand allowedadjustmentsin steps

of one cm air equivalentup to .56cm, and five cm stepsfrom 56 cm

to 330 cm.

The targetpressurewas read on a mercurynanometer. The readings

+ 0.3 mm which amountstowere believedto be goodto - * 0.1 percent at

the lowestpressureused. The targettemperaturewas obtainedby

readingthe temperatureof the outputcoolingwater. The readings

were certainlygoodto t 0.3% whichis about* 0.5 percentmaximum

error.

B. ZERODJNREEDATA

Althoughthemethodof takingthe data was essentiallythe

samefor the zerodegreepointas for the angularpoints,it was

necessaryto designa certainamountof additionalapparatusto be

used here. Figures10 and 11 showrespectivelythe targetand the

atiliary Faradaycage. Figure12 showsthesetwo items as located

in the reactionchamber. The targetwas made relativelyshortin

19) This foilwheelsystem,designedby J. L. Fowlerof Los Alamos,
has not been describedin the literature.



Figure9

Selsyn-controlledfoilwheelsystem.
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Figure10

Gas targetchamberusedwith zerodegreetarget.
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Figure11

AuxiliaryFaradaycageusedwith zerodegreetarget.
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Figure3.2

Reactionchamberarrangementfor zerodegreepetit.
.
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orderto reducethe rateof reaction

prolificdirection.withouthavingto

the beam intensityunduly. The slit

Fig. 10-- not shownin Fig. 12) was

-29-

particleemissionin this

reducethe targetpressureor

on the side of the target(see

used

calibratingthe auxiliaryFaradaycage.

The auxiliaryFaradaycage (Fig.11)
20)

thannormalgooddesignwoulddictate.

orderthat it couldbe placedbetweenthe

for the solepurposeof

was made much shorter

Thiswas necessaryin

counterand the targetand

still.be far enoughawayfromthe targetso that secondaryelectrons

fromthe windowsgaveno trouble. It was mountedso that it could

be rotatedintothe path of the beam fromthe outsideof the reaction

chamber. This,too, was for calibrationpurposes. Theback end of

the Faradaycagewas made of platinumand aluminumfoilsof such a

thicknessthatprotonsemittedfromthe D(d,p)H3reactionwere able

to passthroughthem intothe counter

to reachthe far sideof the counter,

of maximumenergyloss in the counter

behindwith just enoughenergy

thusfulfillingthe condition

mentionedabove. Deuterons,

on the otherhand,were stopped,therebyallowingthe deuteron

beam currentto be measured.

The calibrationof the auxiliaryFaradaycagewas obtainedin

the followingway: firsta peak run and then a backgroundrun were

made in the normalmannercountingH~ particlesfromthe reaction

20) Faradaycageswhoselengthsare not largecomparedto their
diametersmay be quiteinaccuratebecauseof chargegain
resultingfrom secondaryand recoilelectronemission.

* The aboveauxiliaryFaradaycagewas foundto be gaining
about10.8percentof its chargein thisway.

* ,’
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D(d,n)Hd. For theseruns the counterwas set at 43°. Next, the

set of runs was repeatedwith the auxiliaryFaradagcage swunginto

positiok The difference in the numberofHe3 particlesper coulcmib

of beam curreatas obtained~ thesetwo methodsgave directlythe

M1.itition of the auxiliaryFaradsyoage. Theseoalibrationrnns

were repeatedseveraltimes. Resnltsare tabulatedin TableIII.

Canms PERCOULOMBBEAM C_TION
INDICATED

OLDCUP NEwcm

I

II

III

IV

v

4’%4 43,0 la’? %

43.7 39.6 10.2

47.0 42,8 9.8

47.2 42.8 10.3

4.7,8 4301 11.o

TABLEIII
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CHAPTERIII

PROOEDURE

A. ANGULARDATA

The procedureusedin takingall the datain this experiment,

(ticludingthattakenfor the zerodegreepoint)was roughlythe

same. At the startof any half-daytsrun (i.e.,at the startof work

in the morning,justafternoon,and at the beginningof the night

shift,)the ten channelpulseamplitudeanalyzerand the current

integratorwere calibrated.The calibrationof the ten channel

analyzerwas made by means of a pulsegenerator;the heightof the

pulseswas variedlinearlyacrossthe operatingrangeof the ten

channelanalyzer. Thus,the relativenumberof pulsesrecordedin

each of the nine channelswas directlyproportionalto the width of

the channel. If any channelrecordeda numberof countswhich differed

by more than I.O.Opercentfromthe average,that channelwas adjusted

and the calibrationretaken. It was, of course,not possibleto

adjustall channelsto preciselythe samewidth;therefore,it was

alwaysnecessaryto use this calibrationto correctthe experimental

datatakenon this instrument.This correctionassistedin making

the ten channelanalyzercurvessmoothand therebyfacilitatedmore

accuratebackgroundcorrection.

The calibrationof the currentintegrator

a knownchargeto flowthroughresistorswhich

-31-

was made by allowing

by-passedthe Faraday



.

b

cage and notingthe

,Xnternalleakageti

-32-

numberof currentintegratorcountsso obtained.

the currentintegratormadeit necessaryto

calibrate at severslvaluesof current. Figure1.3 is

rent integratorcalibration.Afterthese calibrations

the cyclotron was startedaud, aftera sufficientwarm

a typicalcur-

were completed

up time,a

beam was obtained. Duringthiswarm up periodthe counterand &get

were flushedand filledE@ the foil systemadjustedroughlyto that

expectedto justallowthe protonsto traversethe counter. During

the ear~ part of the experimentwhen the couuterpressurewas usually

held to valuesof about15#/in.2or less,this calculatedvalue of

the foil adjustmentwas usuallyused in the e%pedaent without

furthercheck.

to 52@l.2 in

possibleusing

However,with laterdata whichwere takenwithup

the counter,a fine adjustmentof the foil systemwas

the cyclotronbeem. This was done ~ watchingthe

positionof the peak of the reactionparticleson the ten channel

pulseamplitudeanalyzer-- that is, watchbg which of the channels

was countingat the greatestrate,and adjustingthe foilsto cause

this peak to occurat the highestvoltage(i.e.,at the highestnum-

beredc&uuml) for the particularvoltage-pressureratiobeingused.

!CldS$of came, mant thatfor the counterpressurebeingused -

withinthe rangeof foilsavccilable,the mesdmumpossibleener~ was

beinglost in the counter~ the protons.‘Af’terthe foilswere ad-

justed, the ~clotron beamwas usuallyturnedoff long enoughtoa.11.ow

accuratereadingof the target pressureand temperature. Abeammis

* then obtd!md ad, providedthe beam intensitywas reasonablysteedy$



Figure13

Typicalcurrentintegratorcalibrationcurve.
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a datarunwas taken,usuallyof 128

microcoulombs.) The readingsof the

-34-

currentintegratorcounts(aboutU

ten channelanalyzerand currentin-

tegratorwere takendownat the end of the run,the foilsreadjustedin

orderto completelycut out all protons,and a backgroundrun taken. On

occasion, especiallywhen the cyclotronwas runningpoorly,a background

run wouldbe takenboth beforeand afterthe peak run,thus compensating

to someextentfor a shiftin backgroundduringthe courseof a seriesof

runs. At leastonce and,on occasion,severaltimesduringthe day, the

beamenergywas measured. When

tronwas not usuallyturnedoff

the energymeasurements.After

the energywas to be measuredthe cyclo-

betweenthe last seriesof dataruns and

the energyruns,the cyclotronwas turned

off,and the targetpressureand temperatureremeasured.The proportional

counterwas then adjustedto a new angle,and the sameprocedurerepeated

for the next point.

A numberof timesduringthe experimentseveralpeak runswere

takenat the sameangleusingvariousvaluesof stoppingfoils,all of

whichwere calculatedto be thin enoughto permitW. reactionprotons

to passthroughor beyondthe counter. TableIV showsthe resultsof

thistest. The valuesappearto varyin a random

withinthe expectedaccuracyfor the points.

B. ZERODEGREEDATA

The main datawere takenfor the zerodegree

mannerand fallwell

runs in the sameman-

ner as for the angularpoints,exceptthatthe backgroundrunswere

made by fillingthe gas chamberwith hydrogeninsteadof readjusting

the foils. FigureU showsthe reasonfor this. It was seenthat
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LAB ANGLE

22°

32.5°

90°

FOILCHANGE

0.0$

6.6$

O*O$

4.1$

8.0g’

0.0$

0.0$

50.0$

50.0$

50.0$

1oo.oZ

TAELEIV

CT((3)DIFFERENT
FROMAVERAGE

+ 1.6%

-1.6 %

+ 103%

- 2*1 %

+ O*7%

+ O*3g

+ 2*O%

- 3*4%

-0.0 g

-0.3 %

- 2.3 %

L



.
Figure~

Ten channelcurvesobtainedat zero degreesusing
variousbackgroundcombinations.
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the foilbackgroundwas considerably

It appearedfromthisthat the foils

-37-

lowerthan the h,ydrogenbackground.

were cuttingout somebackground

particles(perhapsformedby deuteronreactionsin the nylonwindows)

whichthe hydrogenbackgrounddid not eliminate.Thusthe foilback-

groundgavetoo low a valuefor the backgroundcountsand therefore

too high a valueof the crosssection. The backgroundwas againtoo

low when the f~ilswere set to take a foilbackgroundrun and the

targetwas alsofilledwith hydrogen,but this effectwas not a func-

tion of the hydrogenpressurein the target. Thisdifficultywas not

foundto be presentfor angularpoints,probablybecauseat no time

for thesepointswas the counterpermittedto see the nylonwhereit

was beingbombardedby the main beam.
I

.

Lb.
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CHAPTERIV

DATA ANALYSIS

The fundamentaldata obtainedin the runsaboveamountedto

the numberof countsrecordedin eachof the ten channelsof the

ten channelpulseanalyzerplus thoseh the totalchannel,the

numberof currentintegratorcountsplusthe runningtime,the

angularpositionof the counter,and the targettemperatureand

pressure. The datafran the tenchannelsof the pulseamplitude

analyzerfor both the peakand backgroundrunswere firstchecked

to make surethat the totalchannelcontainedessentiallythe ssme

numberof countsas the sum of channelsone throughnine plus the

surpluschannel. Thesedatawere thennormalizedto equalbeam

chargeand for variationsin chsnnelwidthas discussedin Chap-

ter III and plottedas numberof countsvs. channelnumber. (See

Figures15, 16, and 1?.) The circlesare peak run pointswhile

the crossesare frombackgroundruns.

In someinstances,(abouthalf of the time)the backgroundin

the counterremainedessentiallythe samefor both the peak and

backgroundruns. This factwas evidencedby the coincidenceof

the two curvesat the lowerchannels(seeFig. 15.) In thesecases

the backgroundcorrectionamountedto no more thana numericalsub-

tractionof the totalchannelsof the two runs. In othercases,

however(Fig.16) the backgroundvariedenoughduringthe course

-3$-
.

b.
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Figure15

Typicalten channelanalyzercurves
requiringno backgroundcorrection.
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Figure16

Tgpioal ten channelanalyzercurvesreqyiring
backgroundcorrection.
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Figure17

Ten channelanalyzercurvesshowing

effectof besm shift.



w

4t

2(

30(

8(

6C

4C

2C

20(

80

60

40

20

I00

80

60

40

20

0

—
I 1 1 I I 1 I 1 I I

o-Proton Peak Run

x-Foil Background Run

.

u I z 3 4 56789

Chonnel Number



-u-
of the runs so thatthe backgroundand peak runedid not tie in at

the low voltage end. In thesecases,the correctionwas made by

raisingor loweringthe backgroundcurveby a constantmultiplying

factorof the properamountto make the curvestie in at the desired

point (seedottedcurveon Fig. 16.) A comparisonbetweenthiscor-

rectedbackgroundand the originalpeak datayieldedthe numberof

reactionprotonswhichpassedthroughthe counter.

It is worthmentioningthat,in the absenceof otherinformation,

a separationbetweenthe peak and backgroundcurves,suchas is shown

in Fig. 16,couldbe eitheran indicationof the presenceof a pa-

titleof longerrangethan the D-D protonswhichwas partiaUy, but

not completely,cut out or an indicationof a shorterrangeparticle

whichwas cut out of the backgroundbut not out of the peakrum

Had eitherof thesepossibilitiesbeenpresent,the abovebackground

treatmentwouldprobablyhave been incorrect;however,both require

thatthe errorbe fairlyconstantfor repeatedrunswith the same

foil setting

seemedto be

pletelyfrom

and counterpress~. On the contrary,this error

a canpletelyrandomeffectoftendisappearingcom-

repeatrunsof a point. It is thereforeconcluded

thatthe backgroundshiftwas real,probablycausedby a shiftof

the internalbeam in the cyclotronwhich,in turn,changedthe neutron

and gammabackgroundin the counter. This ssmeeffecthas been

notedon occasionwhen successivebackgroundrunswere takenunder

the sameconditionsof foil setting,counterpressure,etc.

Figure17 showsa sampleof an effectobtainedfrom several
.

.
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of the runstowardthe end of the ~eriment. If

were a trueindicationof the rangeof the proton

-43

the doublepeak

from the D-D

reaction,it wouldindicatethatthe tritonnucleushad been

in an excitedstate. Such,however,is almostcertainlynot

case. The samepointstakena few weeks earlierresultedin

left

the

the

usualsingle

lar shiftof

culatedthat

peak. The two peaksare believedto be due to an angu-

the cyclotronbeam duringthe peak run. It has been cal-

a shiftof*0.3° (whichwas easilypermittedby the slit

system) wmld accountfor the energyseparationof the two peaks.

In orderto find out accuratelythe numberof deuteronswhich

passedthroughthe targetduringany particularrun,it was usually

necessary to note,not only the numberof currentintegratorcounts

duringthis nan,but the lengthof time expired. Then,with the

countingrateof the currentintegratorknown,it was possibleto use

the currentintegratorcalibrationcurve(seeFig. 13) to obtainthe

totalamountof chargeper currentintegratorcountat this rate,

and hence,obtainthe numberof deuteronewhichpassedthroughthe

counter. This indirectmethodof calibrationwas made necessary

by the fact thatthe calibrationcurvesusuallydid not pass through

the

per

origin. In thosecaseswhereit did,a constantratioof coulombs

countwas usedfor all countingrates.

The calculationof the crosssectionwas made by means of the

eqaation:

0$)

.



where: K/Gis a

N(8) iS

constantdependingin part on

the numberof protonscounted

secondarygeometry

per microcoulomb

44-

T is the targettemperature

p is the targetpressure

F(e,Q)is the intensityconversionfactorbetweenthe Lab.

* and centerof mass systems

e is the Lab. angle

This equationis derivedin

to the beam.

AppendixA - Part 1.

The datafor the zerodegreepointwere handledin the same

manneras for the angularpoints(seeFig. I-4.)The secondaryslit

systanwas quitedifferent,however,so thata slightmodification ~

of the derivation
.

Appenti A - Part

Afterall of

of the crosssectionequation(4)was needed(see

II.)

the datawere calculatedand plotted,it was

foundthat the resultingcurvewas not Wite symmetrical.AU

pointsabove11.OOcenterof masswere from fourto ten Percent

higherthantheircomplementson the otherside of 90°. It is

difficultto see how a reactioninvolvingequalinitialmasses
*

couldgive rise to a reactionwhichwouldbe anti-symmetricin

. the centerof mass system. It is onlynecessaryto considerthat,

in the centerof mass system,two bombardingparticlesare approach-

ing a fixedcentralpoint with identical-velocitiesto realizethe

absurdityof the question.

A thoroughcheckof all techniquesand calculationsand a

studyof the rangesof particleselasticaU.yscatteredfromvarious
.

.
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nucleirevealedseveralpertinentfacts. In the firstplace,

deuteronsscatteredelasticallyfromO16 or N14 had roughlythe same

rangein the back quadrantas the protonsbeingcounted;in the second

place,the foiladjustmentswere suchthat,at all pointsin question,

deuteronsso scatteredwouldproducepeakswhichprobablywouldnot

havebeen separatedfromthe protonpeaks;third,at two angleswhere

repeatpointswere takenwith and withoutthe use of the palladium

valveto fillthe target,the palladiumvalvedatawere considerably

lower (4.1percentand 7.6 percent);fourth,a mass spectrograph

analysisof deuteriumgas receivedfromthe producerin the same

shipmentas thatused duringthe presentexperimentshowed0.3 per-

centnitrogenand 0.05percentoxygen;and finally,a calculation

of the D-NU elasticcrosssectionneededto producethe noticed

effectproduceda valueof 0.04barns,whiqhis not an unreasonable

value.

Althougha searchof the literaturefailedto reveala value

for the crosssectionin questionto comparewith the 0.04barns,the

fourpointsmentionedaboveseemedto be sufficientevidenceto per-

mit a correctionto be made. The correction(5.8percent)was obtatied

by averagingthe differencebetweenthe palladiumvalvedata and the

non-palladiumvalvedata and was applieduniformlyto all non-palla- I

diumvalvepointstakenat greateranglesthan 100° centerof mass.

The resultingdata are symmetricalwell withinthe rangeof

the estimatederrors. The finaldata are givenin AppendixD and

plottedin Fig.18. The ~olidcurvedrawnthroughthe pointsis

,.
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Figure18

Differentialcrosssectionof D(d,p)T reaction.

-/+6-
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symmetrical.

fact thatthe

The lack of symmetryof the datamay be

curvedoesnot quiterepresentthe best

“47-

seen in the

fit to the in-

dividualpoints. Crossesshow the D(d,p)Tdifferentialcross section
‘- u)

as recentlymeasuredby Leiterand others at Illinois. Thiswork

was doneby means

presentworkwith

energydependence

The standard

of nuclearplatesat 10.0?Jevas opposedto the

countersat 10.9Mev. Lack of knowledgeof the

of the crosssectionpreventsa comparison.

randcm error of the individual pointsis estimated

to betl.5 percentfor pointsbelowlOOO centerof mass and12*5

percentfor pointsabovethatvalue. Thesevalueswere obtainedby

a comparisonof the resultsof several

includeda studyof valuesobtainedat

and 90°Lab.)eachof wtichwere t*en

differentanalyses. These

four points(0°,20°,75°,

four or more times;a study

of the fit of the pointsto the curvedrawn;and a studyof the

estimatedstandarderrorsof variousfactorswhich contributedto

the accumulatederror. The randanerrorsare composedboth of items

whichwere purposelyvariedduringthe experimentsuchas secondary

geometry,targetgas pressure,and stopping~ter~ in the secondary

path;and of uncontrolledrandomeffectssuch as thoseh the cur-

rent integrator,beam energy,beam direction,targettemperature,

and counterbackgroundconditions.The systematicerroris esti-

mated to be~2.5 percentfor pointsbelow100° centerof mass and

~3e2 percentfor pointsabovethatvalue. The additional.t2percent

errorat the largeranglesis introducedby uncertaintiesin the 5.8%

correctionmade to thesevaluesin the case of the D-N and D-O

.

.



scattering

individual

difficulties.The accumulated

pointsis thereforecalculated

standarderrorof

to be ~3 percent

pointsbetweenzerodegreesand 100° centerof mass and t4

-@-

the

for

per-

cent for pointsat greaterangles~

&

was

thee

A least-squares fit of this curvein termsof a cos%lseries

made by the Los Alsmoscanputingdivision. Equation(5) shows

resultof thisanalysis.

o-(n) =4.2$ (l+l.90cos2Jl - 40.07 COS4fl + 206.50COS6~

(5)
-,501.50COS8fi + 564.26COSIOfl - 227.34COS12fi

This equationhas sometheoreticalinterest. Sincethe elastic
21)

scatteringcrosssectionfromBornlstheory has termscontaining.

Legendrepolynomials(P (COS0) )2,it followsfrom~uation (5) that

* partialwavesup to and includingthosewith angular

to (5) are probablyinvolvedin the reaction. While

ment is made for elasticscattering,and the present

no means of thistype,it wouldnot be expectedthat

momentumequal

the aboveargu-

reactionis by

the positiveQ
22)

would effectthe angularmomentumrelation. Sinceworkers using
●

energiesbelow4.0Mev have requiredas high as cos60for this reaction,

* 12
energyextrapolationto U Mev indicatesthatthe cos 0 requiredin

the presentexperimentis consistent.

The totalcrosssectionfor this reaction,obtainedby integra-

ting the crosssectioncurve(Fig.17) wer all space,has been

21) H. A. Bethe,ElementaryNuclearTheory(NewYork,1947),p. 37,
or N. F. Mott and H~Massey, The Theoryof Atomic
Collisions(Oxford,1933),Chapter~o

——

4
22) G. T. Hunterand H. T. Richards,Phys.Rev.W 335 (1949).



calculatedand foundto be 0.063

well as can be expectedwith the
13)

-49

barns. Thisvalue comparesas

O.m barns obtained

Fouler,and Wovall ‘- at 10.3Mev for the competing

the 0.075barnsobtainedfor the presentreactionat

Leiter.U)

.

*

.

.

.

.

,

by Erickson,

reactionand

10.0Mev by

.
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APPENDIXA

D.~VATION OF EQUATIONFOR CAIKXJLATINGCROSSSECTION

1. Angular Data

The totalcrosssectionfor a particular

nucleuspresentsto a beam of N particlesper

V may be definedby the relation

whereyT is the totalyieldfrcm the reaction

reactionwhicha s@le

cm3 movingwith a velocity

(1)

per nucleusbeingbom-

barded. If we wish to consideryieldper unit solid

the crosssectionper unit solidangle/(0) (i.e.,

section)we have

yw=Af WW

angley(0) and

differentialcross

(2)

Now, if we multiplythe rightside of thisequation(2)by n

particlesper cm3 in the “target’~,by the volumeof the gas beingbom-

barded(/xA), and by a sol-id=@e a/Rz;then>the YieldY (8)becomes

Y (8),the numberof particlesemittedinto the solidanglea/R2per

unit timefor all nucleiin the

We can definethe quantity

%7)e=
y(e)

M/u

path~of thebesm.

If C is thechargeper bombardingparticle,then~(e) is the

yieldper beamcharge.

(3)

.
-50-
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We can

immediately

expressthen of

usefulfactors.

??=K$

-51-
the aboveparagraphin texmsof more

Wherep and T are the pressureand temperatureof the gas targetand

K is a constantincludingAvagadro~snumber.

Whenwe takethe abovefactorsinto account,the equationfor the

differentialcrosssectionbecomes

We will denote the geanetrical factor##R2by G? and combine~= C/K

In orderto use this equationwiththe secondaryslit systemused

in this experiment,certti correctionsmustbe made to the factorG1.

Thesecorrectionsstemfromthe fact that,at somepointsin the target

gas,the solidanglefor reactionparticle emissionis definedby only

part of the counterwindow. FigureA-1 showsthe difficulty.A parti-

cle at P, for example,can see only the cross-hatchedportionof the

(4)

counterwindow,and its

new areadividedby R2.

Beforestartingto

the actualratioof the

correspondingsolid

treatthisproblm,

counterhole radius

angle is definedby this

we shouldpointout that

to the distancebetween

the counterand thebeamwas nevergreaterthan0.02,so that ass-

(5)

(6)

tionssuchas the constancyof the distancebetweenall.points
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FigureA - 1

Diagramused in derivationof crosssectionequation.
.

.

.

.

.
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on the counterholearea

reallyvalid.

Supposethe counter

systm and consideronly

say at the centerof the

regions@/1$ z> and@

-53- .

and all pointson the beam filamentare

is set at 90° to the beam h the laboratory

a singlefilamentof the beam trajectory-

beam. Dividethisbeam filsmentinto three

definedby the intersectionof lJmesalong

the extremitiesof the innerslitand counterhole with the beam

filament,as shownin Fig. A-1. Now it is easilyseen thatpar-

ticlesin region~, will have thenoti a/R2soUd angleassoctited

with them,whilethoseinf12and~ will see onlypart of the
3

counterhole areaa and will thereforehave an associatedsolidangle

somewhatless thana/R2.

The area of the counterhole whichcan be seen from any point

1in 29 say frm pointP, can be easilyobtainedby integratingan

elementof areaover the counterhole and usingas a lowerlimitthe

intersectionwith the counterhole of a planethroughP and the

innerslitedge.

This integration,dividedbyRZ to give it dimensionsof a

solidangle,yieids

wherev is a coordinateindicatingthe positionof P and~=~.

The varioussymbolsare

Now if wemultipl.y

definedin FigureA-1.

by dv and integratethis expressionoverthe

.

,
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region/2 (i.e.,from-L, to +L2),we findthat the averagesolid

anglefor all pointsin region<. is

wherea is, as before,the totalcounterholearea. \

Thisresultmeansthat the solidanglesubtendedby the counter

for reactionstakingplacein /2 and#3 is, on the average,one-half

thatfor reactionstakingplacein<l. Thus,the G~ equation(6)

maybe replacedby

G =2Lu
(

L 2~aQ+ 2L3a
f?’ ‘2 R’ ~ )

where~, 2L2,and 2L3 are the lengthsof regions/1,~2, md~3

respectively.

Straightforwardgeometricalconsiderationsyield

L==L3=
/?(~+d-h(?= L,}

h

L,= Ub-Rt+ttr
h

Combiningequations

c=2a6
/?h

which,as mentioned

(6).

If the counter

(9),(lo),=d (U), we obtain

above,shouldbe put in placeof G~ in equation

is

● Lp L2, and L are all
3

b

set at someangleotherthan 90° lab.,then

lengthenedby an mount -&-, so that

(8)

(9)

(lo)

(U)

(u)
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finallyequation(6)beccxnes

(u)

Thisequationmay be expressedin centerof mass coordinatesby

multiplyingit by the ratioof intensitiesin the two systemswhich

we will callF(e,fi).Thisfactorwill.be derivedin AppendixB.

Then,the crosssectionequationin centerof mass systemis

(u)

This derivationignoresseveral

by finitebeam sizeand variationof

errorshavebeen checkedgraphically

errorssuchas thosecaused

R withL when0#90°. These

and foundto be much too small

to givetrouble. The most reM_ablecheckof thevalidityof this

equationliesin the factthata factorof two changein the seco~

darygeometryresultedin no measurablesystematicchangein the

calculatedcrosssections.

2. Zero DegreeData
.

For the zerodegreepoint,the innerslitof the secondaryslit

systanwas removed,so that the canplicatedsolidanglegeometry

calculationsof theprevioussectionare not necessary. In this

case,however,the

counterwhichvary

texmwas put in to

reactionscan takeplaceat distancesfrom the

by as much as ~five percent,so a correction

takecare of this effect.

.

b
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Fig.A-2

-w +W

ZeroDegree
CounterHole . Target

k2vJ--?4
The problemhere is to integratethe solidanglesubtendedby the

counteralonga beamfilamentwith the two targetwindowsas limits

of integration.Thus,the averagesolidangle

and in the termsof the previouswork 2w -/1, the lengthof the

targetpath,so the G of equation(I&)becomes

G= 2“R’-(qZ)’
With this changein G equation(~) is usedfor the zerodegree

-56-
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TRANSFORMATIONRELATIONS

Considera capound

the

one

the

they

will

APPENDIXB

BETWEENLAB.AND CENTEROF MASS SYSTEMS

nucleusof mass fourdisintegrating,in

centerof mass system,into twonucleiof mass threeandmass

respectively.Whilethemassesof the compoundD-D nuclew,

triton,and the protonare not preciselyin the ratioof 4:3:1,

are closeenoughfor our purposes.

Due to the lawsof conservationof momentum,the two particles

be emittedin diametricallyoppositedirections.In other

words,e = 180 -Ot where the subscriptsp and t referto
P

and tritoneand the unbarred01s are centerof MSS angles

bean.

protons

to the

Now addingcanponentsof the velocityof the tritonparticle.

V*coS5°=ij- Vt coset

fromwhich

wherethe barredsymbolsreferto the lab

ity of the centerof mass with respectto

systemand ~ iS

the lab system.

(1)

(2)

(3)

the veloc-

Now,becawe of the fact that the banbardingparticleand the

.

.

targetparticleare of equalmass (i.e.,both deuterons)~the center

of mass velocityis just1/2 of the originaldeuteronvelocityor

-Yi’-
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(4)

and thevelocityof thebombardingdeuteronexpressedh termsof

its energyis

~=-$mdii~r
(5)

Now in the centerof mass systemthe deuteronsapproacheach

—~ and eachhas an energy,otherwith a velocityVd -

Ed=hd%’=
Therefore,the total

centerof mass systemis

but the

was

—2

E.=md Vd

totaloriginal

+kndv

energygoinginto the collisionin the

/%” g&2

4

energy (i.e.,thatof the ori~’inaldeuteron)

(6)

Thus one-half

titlesin the

the motionof

From the

of the totalbombardingenergygoes into recoilpar-

centerof mass systemwhilethe otherhalf goesinto

the centerof mass with respectto the lab system.

lawsof conservationof energyand momentum,

2+Lm v2-$ n!+v+
2 hp-Q+L

(7) “

(8)

(9)

(lo)

.
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and

mtq = t?l’pVp (u)

whereQ is the

ditions(i.e.,

Combining

differencein bindingenergiesbetweenthe two con-

two deuteronsvs a tritonand a proton.)

(10)and (11)we obtain

‘P= =’ v+mp
(12)

and

vt=m (13)

togetherwith equation(4)in

centerof mass anglefor a partic-

Thesetwo equationscan now be used

equation(3)to obtainthevalueof

ularlab angle.

In orderto be consistentwith the otherwork in thispaper,we

will leavethebarredand unbarredsystemsand let

v’= Ve

i%=e
(u)

thenwe have

(15)

.



v Vd
where .—

–2

and similarly

t
vpwlaJame=
V-vpcow

“p=#._v,

As was mentionedin AppendixA,

fra the lab systemto the centerof

F(O,J$whichdependson the ratioof

systems. Thus

-60-

(16)

(17)

(18)

(19)

to transforma crosssectionvalue
.

mass systemrequiresa factor

the solidanglesin the two

(20)

An expressionof F(O~) in termsof knownvaluesmay be obtained

by performingthe operationde/d~on equation(17)and multiplying

sin ethe resultby -a. Simplifying,we have

(21)

whichis the derivedexpression.
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APPENDIX c

RELATIVESTOPPINGPOWEROF NYLON

In conjunctionwith the use of nylonwindowmaterialon the

wide angletarget,a testwas made to determinethe relativestop-

pingpowerof nylonwith respectto air.

Thiswas measuredby comparingthe effecton the lengthof

W-particletracksin nuclearplates,of insertingfirstnylonthen

air betweenthe plutoniumsourceand the plate.

The nuclearplatewas placedat aboutfive deg. to the path

of the beam of ~particles and,in the case of the air run, the air

was allowedto fillall the spacebetweenthe sourceand the plate.

Thisresultedin a gradualshorteningof the tracklengthalong

this plateawayfrom the source. The nylon,on the otherhand,re-

moved,on the average,an equalamountof energyfran the &-particles.

It remainedonly to findat what distancefrom the sourcethe air-

run trackswere equalin lengthto the tracksfrcunthe nylonrun.

TMS distancein centimetersof ~r~ correctedto 76 cm Hg pressure

and 15°C temperature,is the air equivalenceof the nylonfoilbeing

tested.

It was determinedthat,at leastunderthe conditionsof this

test,

lW/m2nylon= 0.93 cm xh.

-61-



Angle
Lab CM

0°

0°

0°

0°

0°

18°

20°

20°

20°

20°

22°

22°

25°

30°

30°

30°

32.5°

32.5°

0°

0°

0°

0°

0°

25.3°

2$.1°

28.1°

28.1°

28.1°

30.9°

30.9°

35.2°

4.2.1°

4.2.1°

4J-.9°

45.5°

45.5°

*LO = the half

APPENDIXD - FUEULTS

Data TableI - IntermediateResults

counts
V

1871.0

1405.o

I-455.O

1783.0

1762.0

1306.1

2196.4

905.9

879.7

909.1

1615.3

1583.8

269.6

383A

406.4

617.9

321.8

524.0

Target
m

(CmpHg)

21.9

16.8

16.8

21.9

21.9

32.1

78.1

32.1

32.1

32.1

82.1

82.1

57*5

89.4

89.4

34.8

89.2

34.4

(’+)
63.3

64.o

64.0

63.9

63.3

61.9

61.2

61.8

62.1

62.4

57*4

57.7

73.8

64.7

65.0

67.9

61.0

68.2

Deuteron
Ener
(MevY

10.13

10.13

10.I.3

10.13

10.3.3

10.25

10.17

10.26

10.26

10,26

10.28

10.26

10.54

10.09

10009

11.02

10.25

11.02

w’

.

1.9°

1.9°

1.9°

1.9°

1.9°

1.9°

1.9°

1.9°

1.9°

1.9°

2.7°

1.9°

2.7°

angularresolutionof the secondaryslit system.
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0-(J-1)
(Millibars)

20.4

20.4

21.0

1909

19.6

1.1.83

9.15

9.20

8.94

9.25

7*U

6.89

3091

2.17

2.31

2.26

1099

2.IJ.



Angle
Lab CM

35°

35°

I!@”

40°

45°

45°

45°

50°

50°

50°

55°

55°

60°

60°

6Q0

4 60°

65°
.

65°

65°

70°

70°

49.0°

48.8°

55.7°

55.7°

62.3°

62.3°

62.3°

69.0°

69.0°

69.0°

75.3°

75.6°

81.7°

81.8°

81.7°

81.7°

87.8°

87.8°

87.8°

93.8°

93.5°

counts
p~

326.9

50307

317.2

$U.$

305.6

650.4

696.0

345.4

813.6

833.6

328.7

812.8

320.9

7U.4

309.8

309.8

272.0

294.1

664.9

257.6

577.2

Target

(CmpHg) (O;)

86.7 63.8

34.7 68.7

78.8 64.7

51.8 70.2

78.2 62.4

39.2 68.6

39.7 70.2

81.5 62.1

48.9 72.3

47.1 68.8

80.8 62.9

52.1 69.9

80.7 61*6

51.0 72.4

80.6 64.4

80.6 65.0

80.6 61.7

84.7 64.6

52.3 70.1

84.7 65.1

52.4 70.2

Deuteron
Ener
(MevY

10.37

U.02

10.54

10.88

10.13

10.93

10.91

10.54

10.93

1.I..O2

10.13

10.93

10.13

10.88

10.18

10.18

10.23

10022

10.93

10.17

10.93

*
w

1.9°

1.9°

1*9°

2.7°

1.9°

2.7°

2.7°

1.9°

2.7°

2.7°

1.9°

2.7°

1.9°

2.7°

1.9°

1.9°

1.9°

1.9°

2.7°

1.9°

2.7°
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r (n)
(Millibars)

2.27

2.19

2.83

2.78

3.15

3*37

3.56

3.89

3.88

4.10

4.24

4.10

4.63

4.15

4.50

4.50

4.39

4.55

4.20

4.42

4003

+$W-the half an~ar resolutionof the secondarys~t SyStSM.



Angle counts.
Lab CM # coulomb

70°

75°

75°

75°

75°

75°

80°

80°

80°

85°

85°

WQ

90°

90°

90°

90°

90°

Xl”

95°

100°

105°

93.5° 563.5

98.5 229.8

99.1° 532.0

99.1° 480.5

99.1° 429.1

99.1° 429.8

104.9° 204.8

104.7° 508.4

104.7° 456.6

11002° 195.6

11O.1° 41902

115.3° 133.4

115.3° 456.2

u5.3° 471.4

115.3° 466.7

115.3° 453.6

115.3° 43-905

115.3° 437.0

120.4° 344.6

125.1° 279.0

129.7° 215.7

Target
m

(Cm‘Hg)

47.3

84.8

49*5

49.3

3995

39*5

84.7

52.5

47.4

84.6

4893

80.5

65.9

65.7

65.4

60.4

60.0

59.8

58.8

58.6

58.4

(%)
68.8

64.9

74.0

73.6

70.7

70.8

64.2

70.1

68.8

64.8

70.2

b5.4

69.9

70.9

72.3

69.8

69.8

69.7

70.4

71.0

71.4

Deuteron
her

Y(Mev

11.02

10.30

10● 93

10.93

10.91

10.91

10.26

10.93

11.02

10.16

10.93

10.16

10.88

1o.88

10.8$

10.88

10.88

10.88

10● 91

10.91

10.91

*
u

2.7°

1.9°

2.7°

2.7°

2.7°

2.7°

1.9°

2.7°

2.7°

1.9°

2.7°

1.9°

2.7°

2.7°

2.7°

2.7°

2.7°

2.7°

2.7°

2.7°

2.7°

*
w = the half angularresolutionof the secondaryslit system.
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C(fl)
(Millibars)

4.35

4.28

4*4’1

4.00

4.0

4.43.

4.15

4.0$

4.05

4.52

4.01

3.54

3050

3.81

3.81

3.81

3.71

3.88

3.22

2.&7

2.35

.

.
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.
Angle counts Target Deuteron

Lab CM
UJ*

m Energy
(CmpHg) (~)

o-(f))
(Mev) (Millibars)

105° 129.7° 279.0 77.6 71.8 10● 91 2.7° 2.29

110° 133.9° 26b.8 81.$ 71.8 10.91 2.7° 2020

I.lc)” 133.9° 227.5 72.4 63.4 11.02 2.7° 2.0~

115° 3.38.1°272.8 78.5 70.6 10.91 2.7° 2.45

120° 141.9° 350.5 78.2 71.8 10● 91 2.7° 3.29

*W = the ha~ an- resolutionof the secondaryS~t S~telh
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Lab<
0

18

20

22

25

30

32.5

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

llo

115

I-20”

#

Data TableII - Results

a<
o

25.3

28.1

30.9

35.2

42.1

45.6

49.0

55.7

62.3,

69.o

75.3

81.7

87.8

93.8

98.5

104.9

11o.2

115.3

120.4

125.1

129.7

133*9

138.1

W*9
.
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Average~
20.30

1.1.83

9.13

7.00

3.91

2.25

2.05

2.23

2.80

3.35

3.96

4.17

4.35

4.33

4030

4.29

4.09

4.01

3.60

3.22

2.82

2.32

2.15

2.45

3.7*
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