


ABSTRACT

DRAGON measuresthe resonancestrengthsof nuclear reactionsusingbeamsfrom the

ISAC facility, this resonancestrength is fundamentalin calculatingthe rates at which

elementsare createdand destroyed in the interior of stars and during explosionslike

supernovaeand novae. A key component of the resonancestrength is the yield mea-

surement.For an accuratemeasurementof the yield,variouse�ciency fractionsmust be

known includingthe e�ciency of the DRAGONmassspectrometer.This report presents

measurementstaken with a 148Gd � -sourcemountedin the gastarget of DRAGON,this

simulatesa reactionwith a coneangleof � 20 mrad. A collimator is usedthat allows

a microscopicview of particle transmissionin DRAGON. Resultssuggestthat the gas

target box axisis lower than the separator axisby � 2 mm, Q1's 'standard' settingis high

by � 5%, there is a possiblequadrupole misalignmentbetweenthe two electricdipoles

of DRAGON which decreasesthe transmissionof particles emitted to the left (looking

upstream),and�nally thereis a possiblemisalignmentthat causesa x � y correlationat

the �nal slits. Simulationswith GEANT havebeenperformed to test theseconclusions

with mixedresults.Conclusionsandrecommendationsare presented.
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CHAPTER1: INTRODUCTION

1.1 Elemental Production

The creationof atomsfrom their constituents,neutronsand protons, can occur several

ways [8]. In the beginningfew minutes,protonsand neutronswerecreatedfrom quarks

as the universecooled down. This gaverise to 1H, and severalsmallZ atomsthrough

fusion,2H, 3He,4Heandtraceamountsof 6Li and7Li. Heavierelementswerenot produced

becausethe temperatureof the universewas cooling too fast to allow further fusionto

occur. This type of elementalcreationis calledbig-bangnucleosynthesis.

As the universefurther cooled, the �rst stars were createdfrom this original matter

and only insidethesestars were heavieratoms �rst produced. Regular stellar processes

cancreateelementsfrom Heto Fe throughfusionin the interiors of stars releasingamong

other things,energyasa by-product. Thesereactionsare exothermic,that is they release

energybecause,in general,the binding energyof fusionproducts is lessthen the sum

total of the bindingenergiesof the fusionreactants. 62Ni, 56Fe havethe lowest binding

energies1 andtherefore fusionabovetheseelementsis generallyendothermicandrequires

extra energyto occur. This is calledstellar nucleosynthesis.

As temperaturesinsidestars increase,fusionreactionscreateheavierand heavierel-

ementsstarting with He and continuingup to Fe, seeTable1.1 for burningstagesand

temperatures[7].

1 62Ni is not very commonrelativeto 56Fe thereforeiron is often quoted asthe most stableelement.
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CHAPTER 1: INTR ODUCTION 9

HydrogenBurning 60 MK
Helium Burning 230MK
Carbon Burning 930MK
NeonBurning 1.7 GK
Oxygen Burning 2.3 GK
Silicon Burning 4.1 GK
Explosive Burning (after supernova) 1.2 - 7.0 GK

Table 1.1: Main burning stagesin stellar interiors.

Fusionreactionsare not the only reactionsthat occur in pre-supernovastars. The

s-process(slow neutroncapture)is in part responsiblefor creatingelementshigherthen

Fe in massivestars up to 209Bi wherethe s-processcan no longerbe e�ective [7]. This

process,whichoccursin low neutron
ux environments,causesnucleito captureneutrons

until the product is unstable,at this time the nucleuswill � -decay, increasingthe atomic

number and returningthe nuclei to a stablecon�guration. This processcontinuesuntil

the 209Bi wherea fast � -decay in 210Po preventsfurther progress.

If the star is massiveenougha supernovaexplosioncan give rise to anothertype of

nucleosynthesis:explosivenucleosynthesis.A supernovaexplosionis the collapseof a

stellar core to a neutronstar, duringthis processtremendousenergyalongwith the upper

layersof the now destroyedstar andmanynewlycreatedelementspastFeareexpelledinto

interstellar space.The reasonelementspast Fe can be createdin supernovaexplosions

is becausethere is signi�cant excessenergyto allow endothermicfusionto occur. Large

neutron
ux can alsogive rise to heavierelementsthrough the r-process(rapid-neutron

captureprocess).

Explosivenucleosynthesiscanalsooccur in novaeexplosions.A novaeexplosiontypi-

callyoccursin a whitedwarf binary system.Asthe companionstar progressesinto the red

giant phaseof its life cyclethe stellar envelope grows, the outsidematter is held lightly

to the companionandcanbe transferedto the surfaceof the white dwarf. This leadsto

periodic, rapidburningof the accretedmatter. The 'ashes'are eithertransferedonto the
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surfaceof the white dwarf, increasingits mass,or sent o� into the interstellar environ-

ment. A recentnovaexplosionoccurredin the constellationof Ophiuchus[5], the star is

RSOphiuchiandhasa estimatedmassof 1.35� 0.01M�, verycloseto maximumlimit of

white dwarfs. Whena white dwarf reachesthis limit, a type Ia supernovaoccurs. Such

a supernova,givenits closeproximity, would providean excellentopportunity to advance

the nuclear astrophysics�eld. A X-ray burst is similar to a novawith the di�erence in

that the underlyingstar is a neutronstars insteadof a white dwarf. The burningphase

of an X-ray burst is muchmore energetic.

1.2 Nuclear Astrophysics

While the basicevolutionof stars is relativelywell understood, the ratesat whichnuclear

reactionsoccur are not so well known. It is essentialto know theserates becausethe

abundancesof all elementsaboveheliumdependon them. For example:The �rst stage

of stellar evolutionis hydrogenburning. This processcreatesHe, but sinceHe cannot

successfullyfuseinto 8Be dueto 8Be beingunstableto � decay with a veryshort half life,

the fusionprocessstallsat this stageuntil it becomeshot and denseenoughfor helium

burningto occurat sucha rate to createa steady-statepopulationof 8Be. At this point,

8Be can fusewith 4He to create12C. Sincecarbon atomsare beingcreatedin a helium

rich environment,fusion to oxygen(carbon + helium) is alsopossible. If this reaction

(carbon + helium)occursat a fasterrate then 3 4He! 12C then oxygenis the dominate

endproduct of heliumburningbecausethe carbon is convertedassoon as it is created.

Otherwise,if the reactionhappensslower, carbon will be the dominateend product of

heliumburning. The ratesat whichnewelementsare formed,andconsequentlythe rates

of destructionof other elements,plays a strongrole in determiningthe lifetime and the

compositionof starsaswell asthe make-upof the interstellar environmentin the vicinity of
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the star. SinceC andO are fundamentalin the developmentandsustainmentof life these

processesandtheir resultsare important to understand.Theseratescanbe estimatedor

constrainedby astrophysicalobservationsandgrainsamplesthat still existfrom pre-solar

systemtimes(4.6 billion years ago) but determiningactualratesrequiresother methods.

Nuclear Astrophysicsis a branchof physicsthat dealswith the predictionand calcu-

lation of nuclear reactionratesin astrophysicalenvironments,mainlystellar interiors but

alsoextremeenvironmentsincludingthe surroundingsof X-ray bursts,novaandsupernova

explosions.

1.3 DRAGON

The DRAGON(Detector of RecoilsAnd GammaOf Nuclear reactions)recoilmassspec-

trometer at the ISAC (Isotope Separator and Accelerator) facility located at TRIUMF

(TRI University MesonFacility) on the University of British Columbiacampusin Van-

couverBC, Canadais designedto determine,experimentally, very important properties

of astrophysicallyimportant reactionsrates. DRAGON can useboth stablenucleiand

radioactivenucleicreatedon-siteusingeitherthe in-line ion-sourceconnectedto the 500

MeV cyclotronof OLIS(O�-Line Ion Source).

DRAGONworksby projectinga beamof incomingnucleiontoa gastarget, the gascan

be eitherH2 or He. Nuclear fusionwill occurbetweensomeof the incomingparticlesand

the gas,this dependson manypropertiesbut ultimatelyon the reactionrate. DRAGON

then directsthe beamof the particles,andrecoils(any productsfrom the fusionprocess)

through an EMS (ElectromagneticMassSeparator) which separates the beamparticles

from the recoils.The recoilsare thendetectedat the tail of DRAGON.Whencomparedto

the incomingbeamintensity andseveralothermeasurablequantities,important variables
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in the reaction rate equationcan be determined. More details on DRAGON and the

propertiesof reactionratesit studiescanbe found in Chapter2.

DRAGON has studieda number of reactionsto date: like the 21Na(p,
 )22Mg [3]

and the 26gAl(p,
 )27Si reaction[9], but a commonfeatureto most of thesereactionsis

that they are well within the designlimits of DRAGON therefore, all reactionproducts

are fully transmittedthroughDRAGON.Thesedesignlimits will be presentedin Chapter

2; whenreactionsapproachthe designlimits of DRAGON it is possibleand very likely

that all reactionproductsare not transmittedthroughDRAGON, insteadonly a fraction

are transmitted. Somevery important astrophysicalreactionsare at the designlimit of

DRAGON,in orderto fully understandwhat ishappeningin DRAGON,acceptancestudies

at DRAGON's limit must be performed. This report outlinesand analyzesacceptance

studiesperformed in the Summerof 2006 with DRAGON using an � particle source

and various collimators. The methodologyof this work is described in Chapter3 and

the results,includinga discussion,are presentedin Chapter4. A list of conclusionsare

includedin Chapter5.



CHAPTER2: NUCLEARASTROPHYSICSAND DRAGON

2.1 Nuclear Reaction Rates

Nuclear fusion reactionsoccur in stellar environmentsnot becausethere is signi�cant

energyavailableto overcomethe coulombrepulsionof the nuclei,but becausethere is a

non-zeroprobability of the nucleitunnellingthroughthe barrier andfusing,only particles

with signi�cant thermalenergycan achievethis, the relativeprobability of two particles

fusingcan be found by simplymultiplying the Maxwell energydistribution for particles

at a temperatureof T with the probability of tunnelingthroughthe coulombbarrier, the

resultingdistributionis calledthe Gamow Peakandis shown in Figure2.1, adaptedfrom

Reference[7].

Figure 2.1: Gamow Peak: The Gamow peak represents the probabilit y of nuclear fusion at
an energyof E. Figure adapted from [7]

13
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The location of the peak(Eg in Figure2.1) is dependenton the stellar temperature

and the energyof the coulombbarrier, seeEquation2.1,

Eg � 1.22(Z 2
1Z 2

2 �T 2
6 )

1
3 keV (2.1)

whereZa is the atomicnumberof particle a, T6 in the temperaturemeasuredin millionsof

kelvin,� is the reducedmassof the nucleonsand1.22is the resultof severalfundamental

constantssuchask, ~, e and � .

The Gamow distributiondoesnot, by itself contributesigni�cantly to elementalpro-

duction,but in reality the majority of stellar nucleosynthesisoccursat a discreteamount

of energieswhereresonancesin productionoccur. Resonancesoccur in nuclear reactions

whenthe excessenergy1 is equalto an excitedstate of the product nucleusand is dis-

cussedin more detail in Chapter3. Although, the Gamow distribution is still crucial

becauseresonancesoccur at many energies,only thosewith energiesnear the Gamow

peak,(Eg � � Eg

2 ), canoccurwith high probability in stellar environments.Therefore the

reactionrate canbe written as

< � v > �
�

2�
�k T

� 3=2

~2f
X

i

(! 
 ) i exp
�

�
E i

kT

�
(2.2)

wheref is a factor to dealwith electronscreening,(! 
 ) i is refereedto asthe resonance

strengthof resonancei centeredat an energyof E i . Again,� is the reducedmassof the

two particles. The sumis taken overall resonancesthat occurnear the Gamow energy.

The resonancestrengthof a givenreactioncan be determinedby �nding the thick

target yield2, the form is shown in Equation2.3,

1 excessenergy consistsof the energy equivalent of excessrest massand also any excesskinetic
energy.

2 This assumesthat the resonancewidth is narrow, seemore details in Reference[7] for thick
resonancesor thin targets.
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! 
 = Y1
2
� 2

M "
M + m

(2.3)

where� is the deBrogliewavelength(
p

h2=2�E cm), " is the stoppingcrosssectionof the

target whichis equalto the energylossper unit areadensity (eV atoms� 1 cm2), M is the

massof the target particle, m is the massof the beamparticle andY1 is the thick target

yieldmeasuredexperimentallyas

Y1 =
Recoilsdetected

(Incident beamparticles) � (Chargestate fraction) � (� Detector e�ciencies)
(2.4)

where< Recoilsdetected> is the number of reactionproducts detectedin DRAGON,

< Incident beam particles> is the number of beam particles that passedthrough the

target and< Chargestatefraction> is the fractionof recoilsthat havethe chargeselected

in DRAGON3. Finally, < Detector e�ciencies> are variouscorrectionfactors assigneddue

to the detectors usedin DRAGON; for examplethe DSSSD,
 -ray array, and the recoil

spectrometer.It is the last onethat this report focuseson.

DRAGON can determinethesequantities (Equation 2.4) to calculatethe yield as

well as the stoppingpower of the target through variousdetectors and techniques,this

then allows for the calculationof resonancestrengthsand energiesand then ultimately

contributeto reactionrate calculations.
3 DRAGON can only detect one charge state at a time but recoils are distributed over many

charge states, seeSection 2.5.2 or [11] for more details.
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2.2 DRAGON

As an apparatus, DRAGON consistsof 4 main sections:a gastarget, a BGO (Bismuth

GerminateOxide)
 -ray detector array, anelectromagneticmassseparator, andenddetec-

tors. Thesefour sectionsare usedtogetherto both perform nuclear reactionsanddetect

them, eachis explainedin this chapter;a layout of DRAGONis shown in Figure2.2.

Figure 2.2: DRAGON

2.3 GasTarget

The ISAC facility canproducemanydi�erent beamsof heavyionsat moderateenergies

(0.15-1.7 MeV/amu). These ions are directed to the DRAGON which consistsof a

windowlessgastarget approximately12 cm in columnlength, for a graphicaldescription
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of the gastarget andthe di�erential pumpingusedto maintaina vacuumaroundthe gas

target seeFigure2.3, a more detailedviewof the target box is shown in Figure2.4.

Figure 2.3: The DRAGON gas target: Included is the windowlessgas box, collimators to
restrict gas
o w and turb o pumps to maintain vacuumaway from the gastarget.
Five Roots blowersand oneroughing pump are positioned in the gastarget area
as well to aid in the di�eren tial pumping.

Figure 2.4: The DRAGON target box: The beam enters from the left and interacts with
the gas in the trap ezoidal container, outside the container the gas pressureis
quickly reducedby ordersof magnitude by the Roots blowersand turb o pumps.

2.4 BGO Array

Duringresonancereactions(Section3.1) the heavynucleifusewith a proton or an � par-

ticle leavingthe recoilin anexcitedstate. For the reactionsbeingstudiedwith DRAGON,

the excitedrecoil quickly decays by emitting one or more 
 -rays. These
 -rays are de-

tected,alongwith their energy, with an array of 
 -ray detectors. The elementsare made
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from Bismuth GermaniumOxidewhich is a high Z, densematerial that has very little

afterglow (quick reactiontime). The array consistsof 30 of thesedetectors arrangedso

that theycoverasmuchof the solidangleaspossible4. The BGOarray is shown in Figure

2.5.

Figure 2.5: The DRAGON BGO array: The detectors are arranged around the target box
to detect the 
 -rays coming from the de-excitation processof the nuclei in the
target box.

2.5 ElectromagneticMassSeparator

Oncethe recoilshavebeencreatedin the gastarget, they must be separated from the

rest of the beamparticles in order to be countedand hencedeterminethe yield. This

processmustbe doneaccuratelybecausefor somereactions,therecanbe only1 recoilfor

every1011 beamparticles. A schematicof the DRAGONelectromagneticmassseparator

(EMS) shown in Figure2.2, a more detaileddescriptionis shown in Figure2.6.

4 Detector cannot be placed along the beam line or below the target box as they would obstruct
the beam line and vacuum system respectively.
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Figure 2.6: The electromagnetic components of DRAGON: The gas target and the BGO
array are located at the head of DRAGON, the rest of DRAGON is the EMS.

The DRAGONEMSis dividedinto 2 mainparts, eachdoinge�ectively the samething

by separating the beamof particlesby the charge to massratio, becauseof this only the

�rst half of the separator needsto be explainedin detail beginningwith the magnetic

multi-poles.
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2.5.1 Magnetic Multi-p oles

Multi-poles,areelectromagneticelementsthat focusandde-focuschargedparticle beams.

The simplestcaseof a multi-pole is a quadrupolewhichacts identicalto a thin lenswith

the exceptionthat insteadof focusingor defocusinganentirebeam,a quadrupolefocuses

in onedirection(horizontalor vertical)andde-focusesin the other(verticalor horizontal).

In orderto focusa beamto a point two quadrupolesareneeded,this iscalleda quadrupole

doubletand is shown in Figure2.7.

Figure 2.7: Quadrupole doublet, the �rst element focusesin the horizontal plane and de-
focusesin the vertical plane, the secondelement does the opposite, the beam
comesto a focus further along the beam axis. Figure adapted from [7].

DRAGON hasthree doublets,one triplet5, and onesinglequadrupole. Higherorder

multi-polesare usedin DRAGON (four sextupole) to correct secondorder terms that

appear in the beamalongthe beamaxis, theseare not described herebut arise due to

�nite beamspot at the source,energydeviations,etc. Oneof DRAGON'squadrupolesis

designedto havea sextupole element,this as well is usedto reducehigherorder terms

and is usedto saveboth spaceandproductioncost.

5 Similar e�ect as a doublet but allows for a more versatile focus (adjustable magni�cation and
focal length).
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2.5.2 Magnetic Dipole

The beamof incomingparticles from ISAC is in a constantcharge state; as the beam

passesthroughthe gasin the target, the chargestateevolvesdueto electronsbeingpicked

up from or lost to the gas. Due to this fact, the particles comingout of the target are

distributedin charge. The distributiondependson the pressure,energy, charge-changing

crosssectionsand the type of target particle. DRAGON can only transmit one charge

statefor detectionsincethe �eld strengthsdependonq, therefore DRAGONhasmagnetic

dipoles(MDs) to seperatemomentum-to-charge states. For more information of charge

statedistributionssee[11].

If a particle is travelingin a magnetic�eld that is perpendicular to the directionof

travel then the particle will feel a force in the other perpendicular direction. This is

described throughEquation2.5 andgivesriseto circular motion.

~FB = q~v � ~B, (2.5)

where ~FB is the force exertedon the particle, q is the charge, ~v is the velocity of the

particle, and ~B is the magnetic�eld. Equatingthe magnitudeto the centripetal force,

m
v2

r c
= qj~v � ~B j = qvB, (2.6)

wherethe crossproduct's sin term vanishesbecausedirectionsare perpendicular and

isolatingq, Equation2.6 becomes

B =
1
r c

p
q

, (2.7)

Herea choiceof magnetic�eld choosesa momentum-to-chargeratio sincer c is constant,

all unwantedratiosare eliminatedby the charge slits becausethey havedi�erent radii of

curvature,seeSection2.5.4.
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2.5.3 Electrostatic Dipole

The othermainsuppressionelementsin DRAGONare the electrostaticdipoles(ED1 and

ED2). Theseelementsare locatedafter MD1 and MD2 respectively, oneof DRAGON's

EDsis shown in Figure2.8. The red elementsare electrodes,the larger radiuselectrode

(outside) is positivelycharged and the inner electrode is negativelycharged so that an

electric�eld is presentbetweenthe two plates.The curvatureof the electrodescausesthe

particlesto travelwith a circular trajectory, by equatingthe forceof the electric�eld with

the centripetal force (Equation 2.8), the relation between the electric �eld and energy

becomesapparent.

Figure 2.8: An electrostatic dipole: This element is responsible for separating particles of
di�eren t energy-to-charge ratios.

qE = m
v2

r c
=

2Er ecoil

r c
, (2.8)
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whereq is the chargeof the particle, E is the electric�eld strengthbetweenthe electrodes,

m is the massof the particles,v is the velocity of the particles,r c is the radiusof curvature

of the dipolede�ned asthe arithmetic averageof the electrodes'radiusof curvature,and

Er ecoil is the kinetic energyof the recoil.. Upon rearrangement,this becomes

E =
2Er ecoil

qr c
, (2.9)

sincethe radiusof curvatureis a designfeatureof the dipoles,anelectric�eld canbe cho-

sensuchthat the desiredparticle energy-to-chargeratio is transported throughDRAGON.

Particlesof di�erent energy-to-chargeratiosprogressthroughthe dipolesat di�erent radii

of curvature,theseunwanted energiesare stopped at the massslits, seeSection2.5.4.

TheDRAGONrecoilspectrometerisspecialbecausethe particlesof interest,theoretically,

all havethe samemomentum,therefore the MDs separate by charge and then, sincethe

charge is the samefor all particles, the EDsseparate by mass.

2.5.4 Chargeand MassSlits

DRAGONis designedsothat particlesof interest(correct chargestateq andmassm) are

transmittedthroughDRAGONbut alsothat at three6 locationsthe envelope of particles

is at a focus. Thesethree locationsare immediatelyafter the �rst MD (charge focus),

immediatelyafter the �rst ED (massfocus) and at the tail of DRAGON (�nal focus).

Narrow slitsare then usedto stopunwantedstates(chargestatesat the chargefocusand

massstatesat the massfocus) while allowing the selectedstate to continueon in the

separator. The charge and massslits are the main method of beamsuppression,so the

foci must be accurateand as smallas possible.This is illustratedin Figure2.9 for the

massslits.
6 Another focusexists in DRAGON after the secondMD, but no slits are present at this location.
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Figure 2.9: Mass Slits: The upper (blue) tra jectory corresponds to that of particles with
a smaller mass. The radius of curvature is larger, therefore these particles are
not transmitted through the massslits but rather stopped on them.

Sincethe particlesare at a focusthis make theseareasidealfor placingdetectors to

monitor the beamor recoils,more on this techniquewill be discussedin Chapter3.2

2.6 End Detectors

DRAGONhasseveralenddetectors, eachhasboth advantagesand disadvantages.This

work onlyusesoneof thedetectors,namelythedouble-sidedsiliconstripdetector (DSSSD),

this is described below. The otherdetectors are an ion chamber andan electrostaticmir-

ror, foil andMCP combination.

A DSSSDconsistsof two planesof siliconstripsplacedoneithersideof a Siwafer. One

setof stripsare vertical(givinghorizontalpositioninformation)andonesetare horizontal

(givingverticalpositioninformation). Togethertheseplanesgivea 16x16pixelatedpicture

of the beamenvelope at the locationof the detector. Eachstrip is 3mmwideand48 mm

in length. The DSSSDcanalsoaccuratelydeterminethe energyof the incidentparticle.

This detector hasan e�ciency of � 96%whicharisesfrom the geometriccoverageof the

siliconstripsin the 48mm� 48mmdetector area. The DSSSDis cooledto -10� C anduses

a baisvoltageof 70V to decreasethe noise.A pictureof a DSSSDdetector in shown in

Figure2.10.
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Figure 2.10: DSSSD,front and back view.



CHAPTER3: ACCEPTANCE

3.1 De�nition of Acceptance

Before describingthe designlimits of DRAGON, it is necessary to describe the nuclear

reactionprocessin the gastarget in more detail. For purposesof explanation,the reaction

12C(� ,
 )16O is used. It is usefulto usethis reactionboth becauseof its astrophysical

importanceand becauseit is at the designlimit of DRAGON at certain energies.The

incomingcarbon atom interactswith a heliumnucleus(at rest), if a fusioneventoccurs

than the resultingproduct is oxygen.Usingconservationof momentum,the �nal velocity

(and kinetic energy)before the emissionof the 
 -ray(s) canbe calculated.

vf ,O � =
mC

mO
vi ,C (3.1)

E f ,O � =
1
2

m�
Ov2

f ,O � =
1
2

m�
O

�
m2

C

m2
O

v2
i ,C

�
�

3
4

E i ,C (3.2)

wheremC is the massof carbon and mO is the massof oxygen,for this calculation,12

and16 amurespectivelyare su�cient.

The restmassof a carbon atom is 12.0amu,whereasthe restmassof an � particle is

4.002603.After fusionthe restmassof oxygenis 15.994915,the massdi�erencebetween

thesereactantsand products is 7.68863� 10� 3 amu whichresultsin an excessenergyof

7.115763MeV. Usingthis and the excessenergyfrom Equation3.2 (1/4 Ei ,C ) we note

the excessenergyis,

26



CHAPTER 3: ACCEPTANCE 27

Eexcess =
1
4

E i ,C + 7.116M eV (3.3)

if this energy, Eexcess, is equalto an excitedstate of oxygenthen a resonanceoccursin

oxygenproduction [7]. The excitedstate will releasethis energyas a 
 -ray or cascade

of 
 -rays; it is the de-excitationof the recoil particle that determineswhetheror not

DRAGON can fully measurethe yield. If the 
 -ray's momentumhasa component in a

directionperpendicular to the beamaxisthenthe recoilwill be 'kicked' o� axisin the other

directionto conservemomentum. If the 
 -ray's momentumis completelyperpendicular

to the beam axis then the recoil with receivethe largest kick1. This kick will havea

momentumof E 


c , therefore the recoilsnewo�-axis velocity is

vof f � axis ,O =
E 


cmO
(3.4)

therefore the anglein the lab frameof the recoilparticle is simplythe arc-tangentof the

two velocities,seeFigure3.1 for geometricde�nition in the lab frame.

� of f � axis ,O = arctan

0

@ E


c mO

q
2EO
mO

1

A (3.5)

For 12C(� ,
 )16O with a carbon beamenergyof 12.84MeV, the maximumrecoilangle

is 17.9mrad. DRAGONwasdesignedsuchthat any recoilparticle with a recoilangleof

lessthen � 20 mrad would be fully transmittedthrough. This report investigateswhat

happensto recoil particles createdin the gas target that haverecoil anglesbetween0

mrad and DRAGON's limit. Also of importance is how well computersimulationscan

reproduceexperimentsat large recoilangles.This is important becausethe only way to

1 There is a subtlety here where the largest kick actually occurs when the 
 -ray is emitted 90� -�
from the beam axis, where � is shown in Figure 3.1. This derivation also ignores relativistic e�ects
which is valid for energystudies at DRAGON.



CHAPTER 3: ACCEPTANCE 28

Figure 3.1: Lab frame view of recoiling nucleusassumingthat the 
 -ray is emitted perpen-
dicular to the beam axis.

obtainan accurateDRAGONe�ciency fraction(usedin the yieldequation)is to simulate

eachreactionanddeterminethe fraction of particles lost.

Figure 3.2 shows a computer simulation of particle trajectories traveling through

DRAGON.As the particlesare emitted from the target at largeranglesthe path through

DRAGON becomes'unstable' and particle losscan becomehigh. For example,The x

envelope approachesthe beampipe in the quadrupole triplet.

3.2 Experimental Setup

A Gadolinium(148Gd) � sourcewith an activity of � 3� 105 Bq is placedin the centre

of the DRAGONgastarget. While � particlesare emitted in all directions,the pumping

systemof the gastarget stopsall � particlesexceptthoseemitted within � 20 mrad of

the beamaxislookingdownstream.The distributionof � particlesenteringinto the EMS

are comparableto a reactionwith a coneangleof � 20 mrad. In addition to letting all

� particles into the EMS, collimators are usedto further restrict the distribution. This

allows for a 'microscopic'look at how DRAGON transmitschargedparticles. Thereare
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Figure 3.2: Ray tracings of 19N e recoils through DRAGON, particles begin on the bottom
and progressthrough DRAGON. In each direction (x and y), three setsof rays
are shown with initial anglesof -16.5 mrad, 0 mrad, and 16.5 mrad each set of
rays contains three initial positions (centre of gas target and � 2.5 mm). For
each combination of thesevalues,the energyof the recoils is 4.033MeV, and �
3%.

�ve restrictivecollimators, shown in Figure3.3. Collimators are labeledasviewed looking

upstreamat the collimator2. For the left (lookingupstream)collimator, the verticalangle

rangeassuminga particle is emitted from the centreof the gas target is -5.7 mrad to

+5.7 mrad. The horizontalanglerangeis from -7.1mradto -22.1mrad. Othercollimator

anglescanbe extractedfrom these.For the holecollimator, the radialanglerangeis 0.0

mrad to 6.8 mrad.

The DSSSDis cooled to -10� C and set with a biasvoltageof 70V. The three focus

2 Most optics codesusedownstream as the descriptive direction, upstream is used in this report
to denote collimator positions only.
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Figure 3.3: Collimators used in DRAGON, Collimators are labeled as viewed looking up-
stream at the collimator

points of DRAGON are ideal for observingthe shape and intensity of the � particles

becausethe beamcrosssectionis small,the detector canbe mounteddirectlyafter3 the

focuspoint.

The combinationof six collimator positions(includingthe lackof collimator position)

andthreedetectors givesa total of 18 measurementsfor oneset. Alongwith the nominal

settings,other measurementswere made: energymistunes(2 sets), slight changesin

quadrupole strengths(1 set), sourceposition movements(1 set), and a combinationof

all four givinga total of 249measurementscomprisingthis report.

3.3 Computer Simulations

For somemeasurements,computersimulationshavebeenperformedto simulatethe beam

shape at the detector locationsandparticle lossesthroughoutDRAGON.Computersim-

ulationscan be usedto someextent as a diagnosticto probe problemsin reality. The

simulationprogramGEANTis usedto calculatethe particle trajectoriesthroughmatter,

electric�elds andmagnetic�elds, it wasdevelopedat CERN,more informationonGEANT

and DRAGON'sversionof GEANT can be found in References[2; 1; 10]. The previous

DRAGONGEANTsimulationwasupgradedto includea more realisticrepresentationof

3 At the �nal focus the detector is � 66cm behind the focus point, this is acceptablebecausethe
beam is still within the detector region at this point.
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the DRAGONseparator aswell asbuilt in collimator support features.Updatedversions

of the DRAGONGEANTcode canbe foundin the DRAGONCVS.



CHAPTER4: RESULTS AND DISCUSSION

Thischapterisdividedinto severalsections,the �rst sectioncontainsdataandsimulations

with the � sourcecenteredin the gastarget box. As a resultof this data the sourcewas

movedup 2mm. This data is presentedin the secondsection. In eachsection,data is

presentedfor the di�erent detector locations(massslits,chargeslits,and�nal slits) along

with a discussionand implicationsof the data. All slits wereopenedcompletelyin all the

runsperformedin this report. Standard settingsfor all magneticandelectricelementsare

givenin AppendixC.

4.1 SourceCentered in GasTarget Box

4.1.1 ChargeSlits

FiguresA.1 throughA.5 show the observedhit patternsat the chargeslits,alongwith the

x and y projectionsfor all �ve collimator positions,theseimagesappear in AppendixA.

Positivex-valueson the DSSSDchip are closestto the outeredgeof DRAGON.Positive

y-valuesare above the beam axis. The measurementwhereno collimator was usedis

shown in Figure4.1.

Thereare three interestingpropertiesof the hit pattern in Figure4.1: (a) there is a

tail extendinginto the negativex zone,and(b) the centroidof the y distributionis o�set

by � 5-6 mm in the positivey direction. The tail in the x hit pattern is dueto bending

propertiesof the magneticdipole. The � sourceis not mono-energeticbut rather follows

32
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Figure 4.1: No collimator, charge slits, sourcecentered

an energydistributionsimilar to Figure4.2, this resultsin a signi�cant amountof lower

energy� particles, theseparticlesbendwith a smallerradiusin the magneticdipole (see

Equation2.7) andgiveriseto the tail seenin all of the charge slit hit patterns.
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Figure 4.2: Energy distribution of the 148Gd � source.

The o�set in the y directionis more di�cult to explainandunlike the low energytail,
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is not expected.SinceDRAGONis symmetricin the y direction1 theremustbe an aspect

of DRAGONthat is non-ideal.Simulationsshow that a shift in the sourcepositionin the

gastarget of 2mm down, will causea shift in the y distributionat the charge slits of �

6mm. This simulationis shown in Figure4.3 alongwith a simulationwherethe sourceis

not moved. This is discussedmore in the next sectionof this report, Section4.2. The

positionof the detector waschecked to make sureit wason the beamaxisof DRAGON,

it agreedwithin 1mm.
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Figure 4.3: GEANT simulation of y distribution at the charge slits with the sourcemoved
down 2mm (left) and centered (right). Simulation results are binned in 3mm
bins to simulate the DSSSDdetector.

FiguresA.1 throughA.5 show that the beamat the charge slits is out of focus,due

to the positionsof the beamspots in eachimage,the focal point is locatedupstreamof

the charge slits. This problemwill be discussedmore in Section4.2.1.

The transmissionpercentagesallow a look into whereparticles are being lost. This

report assumesthat all particlesreachthe chargeslit detectors, therefore the transmission

at the charge slits is 100%,at further detector locations(massslits and �nal slits) the

transmissionis expectedto be lower then 100%. To obtain the transmissionpercentages

the ratio of the hit rates is used. The hit rates at the charge slits are given in Table

4.1 alongwith the associatedstatisticaluncertainties.They are determinedby counting

1 Several sextupole's theoretically make DRAGON not symmetric in the y direction, however,
before the charge slits there is only one sextupole, its e�ect is thought to be negligible.
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all observedhits between2700keV and 3400keV and dividingby the time of the run.

Detector e�ciency is ignored anddoesnot e�ect the transmission.

Collimator Rate ( counts
second)

Left 2.37 � 0.02
Right 2.66 � 0.04
Up 2.83 � 0.01
Down 2.43 � 0.03
Out 23.04� 0.09
Hole 2.49 � 0.03

Table 4.1: Hit rates observed at the charge slits. Directions are looking upstream at the
collimator.

4.1.2 MassSlits

FiguresA.6 throughA.10show the observedhit patternsat the massslits,alongwith the

x and y projectionsfor all �ve collimator positions,theseimagesappear in AppendixA.

Positivex-valueson the DSSSDchip are closestto the outeredgeof DRAGON.Positive

y-valuesare above the beamaxis. The measurementwhereno collimator was used,is

shown in Figure4.4.

Similar to thechargeslit measurementsall themassslit measurementssharea common

features,there is a tail extendinginto the negativey direction. This is reproducedin

simulationswhen the y distribution at the charge slits is shifted upwards which is the

behavior observedat the chargeslits. Therefore, the simulatedy distributionat the mass

slits, if the sourceis positioned2mm down in the target box, accuratelyreproducedthe

observeddata, this is shown in Figure4.5 alongwith the distributionwhenthe sourceis

not moved,this providesfurther evidencefor sourceand/or gastarget mis-alignment.

The hit ratesandtransmissionpercentagesare presentedin Table4.2. The transmis-

sionrepresentthe total percentageof particlesthat weretransmittedfrom the chargeslits

to the massslits.
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Figure 4.4: No collimator, massslits, sourcecentered
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Figure 4.5: GEANT simulation of y distribution at the massslits with the sourcemoved
down 2mm (left) and centered (right). Simulation results are binned in 3mm
bins to simulate the DSSSDdetector. The tail extending to negative y values
is clear in the image on the left.

Of particular interest in this table is the bold valueof 80.8%transmissionwhenno

collimator is present,this representsDRAGON'stransmisionat the massslits for nominal

settings.
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Collimator Rates ( counts
second) Transmission(%)

Left 2.04 � 0.03 86.3 � 1.5
Right 1.65 � 0.02a 62.1 � 1.2
Up 2.63 � 0.04 93.1 � 1.5
Downb 1.60 � 0.02 66.0 � 1.2
Out 18.61� 0.18c 80.8 � 0.8
Hole 2.31 � 0.01 92.9 � 1.2

a large particle losses(10-15%) due to �nite detector size,seeFigure A.7
b This result is questionabledue to increasedrate observed in Table 4.3, seeSection ?? for dis-

cussion.
c Small particle lossdue to �nite detector size

Table 4.2: Hit rates and transmissionsobserved at the massslits. Directions are looking
upstream at the collimator.

4.1.3 Final Slits

FiguresA.11throughA.15show the observedhit patternsat the �nal slits,alongwith the

x and y projectionsfor all �ve collimator positions,theseimagesappear in AppendixA.

Positivex-valueson the DSSSDchip are closestto the outeredgeof DRAGON.Positive

y-valuesare above the beamaxis. The measurementwhereno collimator was used,is

shown in Figure4.6.

Unlike the chargeandmassslits,simulationsareunableto accuratelyreproducethe hit

patternobservedin Figure4.6. Of particular interestin this �gure is the y correlationwith

x position,on inspectionof FigureA.11 and A.12 we seethat particles initially entering

the left collimator endup with a highery valueandparticlesenteringthe right collimator

havea lower y value.

The shift in the sourcepositiondoesnot havea largee�ect on the simulatedresults,

oneaspect of both simulationsis that the large x tail is not within the detector region.

Comparingthiswith theexperimentalresultsweseethat thereisa horizontalshift between

the hit patterns.

Whensimulatingtransmissionsat the chargeslits,we do not includeparticlesthat are
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Figure 4.6: No collimator, �nal slits, sourcecentered

Figure 4.7: GEANT simulation of hit pattern at the �nal slits with the sourcemoved down
2mm (left) and centered (right). Simulation results are binned in 3mm bins and
then contoured to simulate the DSSSDdetector.

not in the DSSSDregion,eventhoughthe may continueon in the separator andmake it

to the massor �nal slit DSSSDregion.The justi�cation for this is becausethe observed

hit pattern will theoreticallysu�er from this e�ect asseenin FiguresA.2 and4.1. When

simulatingtransmissionsat the �nal slits however, we includeparticles that are not in

the DSSSDregionbut still make it to the �nal slits. This is justi�ed mainly because



CHAPTER 4: RESULTS AND DISCUSSION 39

the experimentalhit patternsclearly do not su�er from this samee�ect (lossat high x

positions).Whenno collimator is used,this resultsin a � 1% transmissiondi�erence. Of

all the collimators, only the right orientationcollimator is a�ected, herethe transmission

di�erence is � 6%. Thesenumbers (simulatedtransmissions),along with observedhit

ratesand tranmissionbetweenthe charge slits and �nal slits are presentedin Table4.3.

Collimator Rates ( counts
second) Transmission(%) Simulated Transmission(%)

Left 1.25 � 0.02 52.8 � 1.0 94.5 � 0.8 (93.5 � 0.8)
Right 1.05 � 0.02a 39.7 � 0.7 79.4 � 0.7 (53.4 � 0.5)
Up 2.73 � 0.01 96.7 � 0.5 99.2 � 0.8 (84.8 � 0.7)
Down 2.18 � 0.02 89.7 � 1.4 99.2 � 0.8 (97.3 � 0.9)
Out 16.16� 0.09 70.2 � 0.5 95.0 � 0.7 (83.4 � 0.7)
Hole 2.36 � 0.02 94.6 � 1.4 99.3 � 0.7 (95.1 � 0.7 )

a medium particle losses(10-15%) due to �nite detector size,seeFigure A.12

Table 4.3: Hit rates and transmissionsobserved/simulated at the �nal slits. Directions are
looking upstream at the collimator. Simulated transmissions are for nominal
settings, the numbers in the brackets indicate transmissionswhen the sourceis
moved down 2mm in the gastarget box.

Theseobservedtransmissionshighlight that particlesemitted left and right are being

lost the most in DRAGON while particles emitted up and down are transmitted well.

Simulationtransmissionsfor DRAGON's nominal settingsshow slight particle loss for

left and right emitted particleswith almostfull transmissionfor particlesemittedup and

down. Whenthe sourcepositionis moveddown in the GEANTsimulationthereis a more

dramatice�ect on the transmission,overallthe simulatedtransmissiondropsby � 12%

Figure4.8 shows the locationsof particle lossesin DRAGON for the nominal tune

with no collimator. Eachset of losesis labeledby the elementin DRAGONthat stopped

the particles.

The majority of particle lossoccursinsidequadrupolesat locationswherethe beam

envelope is large, this canbe seenby matchingparticle lossesto correspondinglocations

in Figure3.2. From this diagramthreedi�erent typesof particle losscanbe seen.All the
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Figure 4.8: Stopping distances in DRAGON along with corresponding elements in
DRAGON. Distance is measuredalong axis of DRAGON.

particle lossin the gastarget correspondsto particles that did not meet the geometric

acceptancecriteriaof DRAGON,theseare ignoredwhencalculatingtransmissionbecause

they neverenterthe separator to beginwith. The secondtype of particle lossis particles

with low energy, theseparticlesget removedat or immediatelyafter the chargeslits. The

�nal particle lossis, asmentionedabove,in quadrapoleswherethe beamenvelope is large.



CHAPTER 4: RESULTS AND DISCUSSION 41

With the exceptionof someparticle losson both sidesof the Q6-Q7doublet,all particle

lossoriginatesfrom particlesemitted to the right, lookingupstream.

4.1.4 Conclusions

The asymmetryin the hit rates(seeTable4.1) was investigatedfurther by removingthe

�rst pumpingtube downstreamof the gastarget (seeFigure2.3). The observedasym-

metry in the hit rateswasmuchsmallerafter this pumpingtube wasremovedsuggesting

particles in the initial 22 mradconewerebeinglost on this pieceof equipment.

Both the charge slits andthe massslits suggestthat thereis a misalignmentin the y

direction. This alignmentis mosteasilychecked by movingthe sourcepositionin the gas

target. In simulations,movingthe source2mmbelow the beamaxisaccuratelyreproduces

the observedbehavior at the charge and massslits. Other misalignmentsin DRAGON

alsocausethe observedbehavior, movingthe �rst quadrupole up by 1mm for example,

but target misalignmentis alsosuggestedby the observedratesat the chargeslits before

and after an elementof the pumpingtube systemwas removed. Before the pumping

tube was removed,the rate for the down collimator was 2.43 counts/second,after the

collimator was removedthe count increasedto 2.73 counts/second.The up and right

orientationsof the collimator werenot a�ected by the removal.The left showed a similar

e�ect as the down collimator wherethe rate increasesfrom 2.37 counts/secondto 2.74

counts/second.

DRAGON is very sensitiveto changesin the vertical position of the sourcebut not

as sensitiveto horizontal changes.Due to this this reasonwe assumeany deviationsin

the horizontal directiondo not a�ect the transmissiondrasticallyand canbe ignored for

now. For a more quantitativedescriptionon this seeTable4.4. This tablegivesthe �rst-

order transfermatrix elementsof DRAGONat eachof the threedetector locations,(� j� )
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denotesthe a�ect on the � componentat the detector location dueto initial deviations

in the � componentat the source.

Finally, the massslit transmissionratesare is disagreementwith the �nal transmission

rates, the up, down and hole collimators result in increasedtransmissionrates. It is

possiblethat larger than usualnoiseproblemsat the massslits couldresult in decreased

ratesalthoughthis issuewasthroughlyexamined.

Matrix Element ChargeSlits MassSlits Final Slits
(xjx) -0.440 0.689 0.980
(yjy) -3.554 0.980 -1.767

Table 4.4: First-order transfer matrix elements in DRAGON, x is horizontal position and
y is vertical position

To test the hypothesisthat the gastarget box is below the beamaxisof DRAGON,

the sourceis movedup by 2mm in the gastarget box. If this is the casewe shouldsee

the artifacts in Figures4.3 (o� axisin y) and4.3 (extendedtail into -y) disappear. These

resultsare presentedin the next section.

4.2 SourceDisplaced2mm up in Target Box

4.2.1 ChargeSlits

FiguresB.1 throughB.5 show the observedhit patternsat the chargeslitsafter the source

was movedup 2mm, alongwith the x and y projectionsfor all �ve collimator positions,

theseimagesappear in AppendixB. Positivex-valueson the DSSSDchip are closestto

the outeredgeof DRAGON.Positivey-valuesareabovethe beamaxis. Themeasurement

whereno collimator wasused,is shown in Figure4.9.

As predicted,the verticalshift observedin the previoussectiondisappeared whenthe

sourcewasmovedup 2mm,although,FiguresB.1 throughB.5 are still de-focusedat the

charge slits. This problemcan be compensatedfor by lowering the intensity of the �rst



CHAPTER 4: RESULTS AND DISCUSSION 43

Figure 4.9: No collimator, charge slits, sourcemoved up 2mm

quadrupole by � 5%. The resulting,no collimator, hit pattern is shown in Figure4.10.

This hit pattern is muchmore condensedandalthoughno additionalcollimator data was

taken, the sizeof the hit pattern sugguststhat the beamis in focus. Reference[6], a

previousacceptancestudy, seesthis behaviouraswell by observinghit pattern widths.

Hit ratesfor the chargeslitsmeasurementswith the sourcemovedup 2 mm are shown

in Table4.5. As mentionedabove,thesehit ratesare more symmetricafter the removal

of oneof the pumpingtubes.

4.2.2 MassSlits

Theseexperimentswerenot performeddueto time constraintsbut shouldbe checked for

agreementwith simulation.Sincethe y-axisshift at the charge slits is gone,presumably

the extended-y tail is alsogone.
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Figure 4.10: Hole collimator, charge slits, sourcemoved up 2mm and quadrupole 1 at -5%
of its nominal value.

Collimator Rate ( counts
second)

Left 2.754� 0.006
Right 2.66 � 0.03
Up 2.732� 0.007
Down 2.81 � 0.03
Out 25.08� 0.09
Hole 2.52 � 0.02

Table 4.5: Hit rates observed at the charge slits with the closest pumping tub e removed
and the sourcemoved up. Directions are looking upstream at the collimator.

4.2.3 Final Slits

The �nal setof measurementswereperformedat the �nal slits. FiguresB.6 to B.10show

the observedhit patternsat the �nal slitsafter the sourcewasmovedup 2mm,alongwith

the x andy projectionsfor all �ve collimator positions,theseimagesappear in Appendix

B. Positive x-valueson the DSSSDchip are closestto the outer edgeof DRAGON.

Positivey-valuesare above the beamaxis. The measurementwhereno collimator was
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used,is shown in Figure4.11.

Figure 4.11: No collimator, �nal slits, sourcemoved up 2mm

Simulationsdid not predict the observedhit pattern at the �nal slit evenafter the

sourcewassimulatedto be lower than the beamaxis. Sincethesesimulatedhit patterns

fail to agreewith experiment,the e�ect of movingthe sourceis unknown. After measure-

ment, it can be seenthat the main di�erence is that the max of the y distribution has

movedto zero,up from � -5mm. The shift in the hit patternsobtainedthroughthe left

and right collimators is still presentsuggestinganothermisalignmentis havingan e�ect

on the beam. Possiblesuggestionsare eludedto in the next Section(Conclusionsand

Future Work on Acceptance).

Transmissionpercentagesand hit rateswere observedat the �nal slits and are pre-

sentedin Table4.6. Includedfor referenceis the transmissionsat the �nal slits with the

sourcein the originalposition. No simulateddata is includedbecauseboth versionswere

presentedin Section4.1.3.
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Collimator Rates ( counts
second) Transmission(%) Transmission(old position) (%)

Left 1.146� 0.004 42.0 � 1.0 52.8 � 1.0
Right 1.58 � 0.013 59.4 � 0.8 39.7 � 0.7
Up 2.53 � 0.014 92.6 � 0.6 96.7 � 0.5
Down 2.49 � 0.018 88.6 � 1.1 89.7 � 1.4
Out 17.16� 0.07 68.4 � 0.4 70.2 � 0.5
Hole 2.464� 0.009 97.8 � 0.9 94.6 � 1.4

Table 4.6: Hit rates and transmissions observed at the �nal slits with source moved up.
Directions are looking upstream at the collimator.

There are severalinterestingvaluesthat arise in this data set. The left transmis-

sion went down (about 20%), for a possiblesolution to this refer to Section5, point

5. The right transmissionincreasedby � 50%, this increaseagreeswith the simulated

transmissionincrease.



CHAPTER5: CONCLUSIONSAND FUTUREWORK ON

ACCEPTANCE

The goal of theseacceptancestudiesis not to make DRAGON perfect for all reactions

at all coneanglesor to obtain the maximumtransmission1, rather what is neededis for

DRAGONto agreewith simulationssothat accuratee�ciency fractionscanbedetermined

through simulationsfor previousand upcomingreactions.Thesee�ciency fractionsare

useddirectlyto determinetheyield(Equation2.4) whichisoneof thepropertiesDRAGON

wasdesignedto measure.Anothergoalof theseacceptancestudiesis to pinpoint possible

problemsin DRAGONsuchasmisalignmentsor tuning problemsandcorrect them.

This studyhasdeterminedthe following conclusionsandsuggestionsfor implementa-

tion.

1. DRAGON'sgastarget needsto be re-alignedto insurethat the gastarget's axis

is on axiswith the beamcomingfrom ISAC aswell as,andpossiblymore important, the

spectrometeraxis. This ensuresthat the best part of the incomingbeaminteractswith

the gasbut alsoensuresthat the EMSwill receiveparticleson axis.

2. If possibleasystemwidesurveyof thepresentlocationof everyelementin DRAGON

wouldbe usefulfor future referencingif misalignmentissuearise. A surveywith a theodo-

lite concludedthat the gas target was high with respect to the beam axis. This is in

additionto a report whichconcludesthe gastarget is lower then the beamline, [4].

1 Transmissioncan be increasedin many ways including mistuning of the overall energy setting
of DRAGON or by optimizing the ED settings.
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3. The�rst threeelementsin DRAGONneedto bestudiedin moredetailandcorrected

in order to achievefocusat the massslits. For excellentbeamsuppressionthe slits need

to be closedasmuchaspossiblewithout clippinganyrecoils,this canonlybe doneis the

recoilsare actuallyat a focusat the slit locations.

4. Further simulationsandexperimentsmust be carried out to pinpoint the causeof

the asymmetryin the �nal hit pattern. Thereare a lot of elementsbetweenthe massslits

and the �nal slits so this may requireadditionaldetector locationsor somealternative

meansof observingthe hit patterns.Dueto the natureof the asymmetry, a possiblecause

of this anda suggestionfor simulationswould be to test the e�ect on the hit patterndue

to a rotated quadrupole.

5. Althoughnot includedasresultsin this report, it wasfound that smallchangesin

the ED's voltagecanchangethe hit rate observedat the �nal slits. The currentmethod

of tuning DRAGON's�rst ED callsfor the centeringof the beamon the massslits, the

tuning of the �nal ED center'sthe hit pattern on the �nal slits. This method doesnot

agreewith the theoretical settingsfor the electricdipoles. As a exampleof this, the ray

tracing diagramsshown in Figure3.2 is not centeredat the �nal slits but rather shifted

to negativevaluesof x. Sincethe detector is located66cmafter the focus, this would

givea hit pattern shiftedto high x values(as in Figure4.7), not centeredas the tuning

descriptioncallsfor. Figure5.1 shows the transmissionat the �nal slits for varying ED2

voltages,the theoretical value,basedon 80% of the ED1 voltage(81.5kV, which was

choosento centerthe beamat the massslits), is 65.2kV. Therewasno collimator used

in thesemeasurements.

Resultsin this report use63.5 kV as the set point on ED2. It is interestingto point

out that in all of thesemeasurements(Figure5.1) the beamat the �nal detector position

is fully on the chipwith empty channelsat the edge,this meansthat anyparticle lossesare

occurringin the separator itself. The left collimator wastestedat an ED2 settingof 63.0
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Figure 5.1: E�ect on transmission with varying ED2 voltage setting.

kV to seeif the transmissionincreased,the result was a transmissionof 1.169� 0.004

counts/second.At 62.5 kV the transmissionwas 1.14 � 0.012counts/second.Finally

at 64.0 kV, the transmissionwas 1.15 � 0.011counts/second.Sincesteeringthe beam

both ways in DRAGON doesnot seemto increasethe transmissionat the �nal slits the

problemmay occur before the secondED. From 4.8 and includedin the discussionwith

it, the Q6-Q7doubletshows particle lossin simulationsfor particlesemitted to the right

as well as left (looking upstream). This is the only quadrupole location in Dragonthat

particlesoriginallyemitted to the left are lost2 andshouldbe investigatedfurther.

It is possibleto increasethe transmissionby � 15%by reducingED1'svoltagesetting

by 2 kV, this may providecluesto particle lossaswell.

2 With the exception of small Q1-Q2 doublet loses.



APPENDIXA

SOURCECENTEREDIN GASTARGETIMAGES

A.1 ChargeSlit Images

Figure A.1: Collimator in left orientation, charge slits, sourcecentered
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Figure A.2: Collimator in right orientation, charge slits, sourcecentered

Figure A.3: Collimator in up orientation, charge slits, sourcecentered
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Figure A.4: Collimator in down orientation, charge slits, sourcecentered

Figure A.5: Collimator in hole orientation, charge slits, sourcecentered
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A.2 MassSlit Images

Figure A.6: Collimator in left orientation, massslits, sourcecentered
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Figure A.7: Collimator in right orientation, massslits, sourcecentered

Figure A.8: Collimator in up orientation, massslits, sourcecentered
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Figure A.9: Collimator in down orientation, massslits, sourcecentered

Figure A.10: Collimator in hole orientation, massslits, sourcecentered
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A.3 Final Slit Images

Figure A.11: Collimator in left orientation, �nal slits, sourcecentered
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Figure A.12: Collimator in right orientation, �nal slits, sourcecentered

Figure A.13: Collimator in up orientation, �nal slits, sourcecentered
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Figure A.14: Collimator in down orientation, �nal slits, sourcecentered

Figure A.15: Collimator in hole orientation, �nal slits, sourcecentered
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SOURCE2MM HIGHIN GASTARGETIMAGES

B.1 ChargeSlits

Figure B.1: Collimator in left orientation, charge slits, sourcemoved 2mm up
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Figure B.2: Collimator in right orientation, charge slits, sourcemoved 2mm up

Figure B.3: Collimator in up orientation, charge slits, sourcemoved 2mm up
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Figure B.4: Collimator in down orientation, charge slits, sourcemoved 2mm up

Figure B.5: Collimator in hole orientation, charge slits, sourcemoved 2mm up
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B.2 Final Slits

Figure B.6: Collimator in left orientation, �nal slits, sourcemoved 2mm up
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Figure B.7: Collimator in right orientation, �nal slits, sourcemoved 2mm up

Figure B.8: Collimator in up orientation, �nal slits, sourcemoved 2mm up
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Figure B.9: Collimator in down orientation, �nal slits, sourcemoved 2mm up

Figure B.10: Collimator in hole orientation, �nal slits, sourcemoved 2mm up



APPENDIXC

MAGNETICAND ELECTRICFIELDSETTINGS

MD1 was set for an energyof 3.15 Mev, atomic massof 4.0, and charge of 2+, the

magnetic�eld readingfor MD1 was2561.4G.All quadrupolesandthe otherMD magnetic

�elds are givenasratios to that of MD1 andare shown in TableC.1.

Sextupolesare controlsby currentrather then magnetic�eld, TableC.2 givescurrent

ratiosof the sextupole elementswith respect to MD1.

The electricdipoleswereset to 81.5 kV (ED1) and 63.5 kV (ED2) unlessotherwise

stated.

Element Ratio of B-�eld (to MD1)
Q1 0.709
Q2 0.674
MD1 1.000
Q3 0.552
Q4 0.732
Q5 0.380
Q6 0.365
Q7 0.510
MD2 1.226
Q8 0.387
Q9 0.236
Q10 0.264

Table C.1: Magnetic Field Ratios for Quadrapoles
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Element Ratio of current (to MD1)
S1 0.0527
MD1 1.000
S2 0.0114
S3 0.00900
S4 0.0.0960

Table C.2: Current Ratios for Sextupoles
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