


ABSTRACT

DRAGON measureshe resonancestrengthsof nuclea reactionsusingbeamsfrom the
ISAC facility, this resonancestrengthis fundamentalin calculatingthe rates at which
elementsare createdand destrged in the interiar of stars and during explosiondike
supernovaeand novae. A key compmnent of the resonancestrengthis the yield mea-
surement.For an accuratemeasurementf the yield, variouse ciency fractionsmustbe
known includingthe e ciency of the DRAGON massspectrometer.This report presents
measurementtaken with a 148Gd -sourcemountedin the gastarget of DRAGON, this
simulatesa reactionwith a coneangleof 20 mrad. A collimata is usedthat allovs
a microscopicview of particle transmissionn DRAGON. Resultssuggestthat the gas
target box axisis lower than the sepaator axisby 2 mm, Q1's'standad’ settingis high
by 5%, thereis a possiblequadrumle misalignmentbetweenthe two electricdipoles
of DRAGON which decreaseshe transmissiorof paticles emitted to the left (looking
upstream),and nally thereis a possiblemisalignmenthat causesa x y carelationat
the nal slits. Simulationswith GEANT havebeenperfamedto test theseconclusions

with mixedresults. Conclusiongnd recommendationare presented.



CONTENTS

1. Introduction . . . . . . . .. 8
1.1 ElementalProduction . . . . . . ... ... ... ... ... ... 8
1.2 Nuclea Astrophysics . . . . . . . . . . . e 10
1.3 DRAGON . . . . 11

2. Nuclea AstrophysicendDRAGON. . . . . ... . . ... ... .. ..... 13
2.1 Nuclea ReactionRates . . . . . . . ... .. ... .. ... ... 13
2.2 DRAGON . . . . 16
2.3 GasTarget . . . . . . e 16
2.4 BGOAITay . . . . . o e 17
2.5 ElectromagnetidMassSepaator . . . . . . . ... ... 18

2.5.1 MagneticMulti-poles . . . . ... ... . o o o 20
2.5.2 MagneticDipole . . . . . .. ... ... . 21
2.5.3 ElectrostaticDipole . . . . . ... ... ... ... .. ..., 22
254 ChageandMassSlits . . . . ... .. ... ... ........ 23
2.6 EndDetectas . . . . . . . ... ... 24

3. AcCceptance . . . . . .. e e e 26
3.1 Denition of Acceptance . . . . . . . .. .. ... 26
3.2 ExperimentalSetup . . ... ... ... ... 28
3.3 ComputerSimulations. . . . . . . .. ... ... . 30



Contents 3

. ResultsandDiscussion . . . . . . ... 32
4.1 SourceCenteredn GasTargetBox . . .. ... ... ... ....... 32
4.1.1 ChageSlits . ... .. ... . .. .. 32

412 MassSlits . . . . . .. 35

413 FinalSlits . . . . . . ... . . 37

414 Conclusions. . . . . . ... 41

4.2 SourceDisplacemmupin TargetBox . . .. .. .. ... ... ... 42
421 ChageSlits . ... .. ... ... ... 42

422 MassSlits . . .. ... 43

423 FinalSlits . . . . .. ... . . 44

. Conclusionaind Future Work on Acceptance. . . . . . . ... ... ..... 47
. SourceCenteredn GasTargetlmages . . . . . . .. ... .. ... ..... 50
A.l ChageSlitimages. . . . . . . . . . . . . 50
A.2 MassSlitlmages. . . . . . . . . ... e 53
A3 FinalSlitlmages. . . . . . . . . . . ... 56

. SourceZmmhighin GasTargetlmages. . . . . . .. ... .. ... ..... 59
B.1 ChageSlits . . ... ... . .. . .. e 59
B.2 FinalSlits . . ... ... .. . . .. 62

. MagneticandElectricFieldSettings . . . . . . ... ... ... ....... 65



LIST OF FIGURES

21 TheGamavPeak . . ... . ... . .. ... . ... 13
2.2 DRAGON . . . . e 16
2.3 DRAGONgastarget . . . . . . . . . . . e 17
2.4 DRAGONtargetbox . . . . . . . . . . . 17
2.5 DRAGONBGOaray . . .. .. .. . ittt 18
2.6 The electromagneticompnentsof DRAGON . . . . .. ... ... .. 19
2.7 QuadrupleDoublet . . . . . .. . ... .. 20
2.8 ElectrostaticDipole . . . . . .. . .. ... ... 22
29 MassSlits . . . . . 24
2.10 DSSSD/front andbackview . . . . ... ... ... ... ... 25
3.1 Labframeviewof recoilingnucleus. . . . . .. ... ... .. ..... 28
3.2 RaytracingsthroughDRAGON . . . . . . . . . . . . ... ... .... 29
3.3 Collimatosusedin DRAGON . . . . . ... ... ... ... ...... 30
4.1 No collimata, chageslits, sourcecentered. . . . . . . ... ... ... 33
4.2 Energydistributionof the ¥8Gd source. . . . ... ... ... .... 33
4.3 GEANT simulationsof y distribution at the chage slits with the source

4.4

moveddovn 2mmandcentered. . . . . . . . ... Lo 34

No collimata, massslits, sourcecentered. . . . . . . . . . .. .. ... 36



List of Figures 5

4.5 GEANTsimulationofy distributionat the massslitswith the sourcemoved
dowvn2mmandcentered. . . . . . . . ... ..o 36
4.6 Nocollimato, nal slits,sourcecentered. . . . . . . . .. .. .. ... 38

4.7 GEANT simulationof hit pattern at the nal slits with the sourcemoved

dowvn2mmandcentered. . . . . . .. ... L o 38
4.8 Stoppingdistancein DRAGON . . . . .. .. .. ... ... ...... 40
4.9 No collimata, chageslits, sourcemovedup 2mm . . . . . .. .. ... 43

4.10 Hole collimata, chage slits, sourcemovedup 2mm and quadrumle 1 at

-5%of its nominalvalue. . . . . . ... ... o L 44
4.11 No collimata, nal slits,sourcemovedup2mm . . . .. ... .. ... 45
5.1 E ect ontransmissiorwith varying ED2 voltagesetting. . . . . . . . .. 49
A.1 Collimata in left orientation, chage slits, sourcecentered . . . . . . . . 50
A.2 Collimata in right orientation, chage slits, sourcecentered . . . . . . . 51
A.3 Collimata in up orientation,chage slits, sourcecentered . . . . . . .. 51
A.4 Collimate in down orientation, chage slits, sourcecentered. . . . . . . 52
A.5 Collimatg in holeorientation, chage slits, sourcecentered. . . . . . . . 52
A.6 Collimata in left orientation, massslits, sourcecentered. . . . . . . .. 53
A.7 Collimata in right orientation, massslits, sourcecentered . . . . . . . . 54
A.8 Collimata in up orientation, massslits, sourcecentered . . . . . . . .. 54
A.9 Collimato in down orientation, massslits, sourcecentered. . . . . . . . 55
A.10 Collimatag in hole orientation, massslits, sourcecentered . . . . . . . . 55
A.11 Collimata in left orientation, nal slits, sourcecentered . . . . . . . .. 56
A.12 Collimata in right orientation, nal slits, sourcecentered . . . . . . .. 57
A.13 Collimatag in up orientation, nal slits, sourcecentered. . . . . . . . .. 57

A.14 Collimato in down orientation, nal slits, sourcecentered . . . . . . . . 58



List of Figures 6
A.15 Collimata in holeorientation, nal slits, sourcecentered. . . . . . . .. 58
B.1 Collimata in left orientation, chage slits, sourcemoved2mmup 59
B.2 Collimata in right orientation, chage slits, sourcemoved2mmup. . . . 60
B.3 Collimata in up orientation, chage slits, sourcemoved2mmup . . . . . 60
B.4 Collimata in down orientation, chage slits, sourcemoved2mmup . .. 61
B.5 Collimata in holeorientation, chage slits, sourcemoved2mmup . . . . 61
B.6 Collimato in left orientation, nal slits, sourcemoved2mmup . . . . . 62
B.7 Collimata in right orientation, nal slits, sourcemoved2mmup . . . . . 63
B.8 Collimata in up orientation, nal slits, sourcemoved2mmup . . . . . . 63
B.9 Collimata in down orientation, nal slits, sourcemoved2mm up 64
B.10 Collimata in holeorientation, nal slits, sourcemoved2mmup . . . . . 64



11

4.1
4.2
4.3
4.4
4.5
4.6

Cl
C.2

LIST OF TABLES

Main burningstagesin stella interias . . . . . .. .. ... ...... 9
Hit ratesobservedit the chageslits . . . . .. ... .. ... ... .. 35
Hit ratesand transmissionsbservedit the massslits . . . . . . .. .. 37
Hit ratesand transmissionsbserved/simulatedt the nal slits . . . . . 39
First-ader transfermatrix elementan DRAGON . . . . . . .. ... .. 42
Hit ratesobservedt the chage slits with sourcemovedup . . . . . . . 44

Hit ratesandtransmissionsbservedit the nal slits with sourcemovedup. 46

MagneticField Ratiosfor Quadraples . . . . . . .. ... ... .... 65

CurrentRatiosfor Sextuples . . . . . . . .. ... .. ... ...... 66



CHAPTER1: INTRODUCTION

1.1 Elemenal Production

The creationof atomsfrom their constituents,neutronsand protons, can occur several
ways [8]. In the beginningfew minutes,protons and neutronswere createdfrom quaks
as the universecooled down. This gaveriseto H, and severalsmall Z atoms through
fusion,?H, He,*Heandtraceamountsof éLi and'Li. Heavierlementsverenot produced
becausehe temperatureof the universewas cooling too fast to allow further fusionto
occur. This type of elementakreationis calledbig-bangnucleosynthesis.

As the universefurther cooled, the rst stars were createdfrom this original matter
and only insidethesestas were heavieratoms rst produced. Regula stella processes
cancreateelementdrom He to Fe throughfusionin the interia's of stars releasingamong
otherthings,energyasa by-product. Thesereactionsare exothermicthat is theyrelease
energybecausejn general,the binding energyof fusion productsis lessthen the sum
total of the bindingenergieof the fusionreactants. 52Ni, *6Fe havethe lowest binding
energiesandtherefae fusionabovetheseelementss generallyendothermiand requires
extraenergyto occur. Thisis calledstella nucleosynthesis.

As temperaturesinsidestars increasefusionreactionscreate heavierand heavierel-
ementsstating with He and continuingup to Fe, seeTable1.1 for burningstagesand

temperatureg7].

1 62Nj is not very commonrelativeto >6Fethereforeiron is often quoted asthe most stable elemeri.
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Hydrogen Burning 60 MK

Helium Burning 230 MK
Carbon Burning 930 MK
Neon Burning 1.7 GK
Oxygen Burning 2.3GK
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-sugrnovastas. The
s-process(slowv neutroncapture)is in pat respnsiblefor creatingelementshigherthen
Fe in massivestars up to 2°°Bi wherethe s-processcan no longerbe e ective [7]. This
processwhichoccursin low neutron ux environmentsgcausesiucleito captureneutrons
until the product is unstable at this time the nucleuswill -decg, increasinghe atomic
numker and returningthe nucleito a stablecon guration. This processcontinuesuntil
the 2°°Bi wherea fast -decy in ?1°Po preventsfurther progress.

If the star is massiveenougha supernovaexplosioncan give riseto anothertype of
nucleosynthesisexplosivenucleosynthesisA supernovaexplosionis the collapseof a
stella care to a neutronstar, duringthis processremendousnergyalongwith the upper
layersof the now destrged star andmanynewlycreatedelementgpastFe are expelledinto
interstella space. The reasonelementspast Fe can be createdin supernovaexplosions
is becausehereis signi cant excesenergyto allov endothermidusionto occur. Large
neutron ux canalsogiveriseto heavierelementsthrough the r-process(rapid-neutron
captureprocess).

Explosivenucleosynthesisanalsooccurin novaeexplosionsA novaeexplosiortypi-
callyoccursin a white dwarf binay system.Asthe companiorstar progressesto the red
giant phaseof its life cyclethe stella envelog grows, the outsidematter is held lightly
to the companiorand can be transferedto the surfaceof the white dwerf. This leadsto

periadic, rapid burningof the accretedmatter. The ‘ashes'are eithertransferedonto the
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surfaceof the white dwarf, increasingts mass,or sento into the interstella environ-
ment. A recentnovaexplosioroccurredin the constellationof Ophiuchug5], the star is
RS Ophiuchiand hasa estimatedmassof 1.35 0.01M , verycloseto maximumlimit of
white dwarfs. Whena white dwerf reacheghis limit, a type la supernovaoccurs. Such
a supernova,givenits closeproximity, would providean excellentopportunity to advance
the nuclea astrophysicseld. A X-ray burstis simila to a novawith the di erencein
that the underlyingstar is a neutronstas insteadof a white dwarf. The burningphase

of an X-ray burstis muchmare energetic.

1.2 Nuclear Astrophysics

While the basicevolutionof stas is relativelywell underst@d, the ratesat whichnuclea
reactionsoccur are not so well known. It is essentiato know theserates becausethe
abundancesf all elementsabove heliumdepend on them. For example:The rst stage
of stella evolutionis hydrogenburning. This processcreatesHe, but sinceHe cannot
successfullfjuseinto 8Be dueto Be beingunstableto  deca with a veryshat halflife,
the fusionprocessstalls at this stageuntil it becomeshot and denseenoughfor helium
burningto occurat sucha rate to createa steady-statgpopulationof 8Be. At this point,
8Be canfusewith “He to create!?C. Sincecabon atomsare being createdin a helium
rich environmentfusionto oxygen(carbon + helium)is also possible. If this reaction
(carbon + helium)occursat a fasterratethen3 *He! 12C then oxygenis the dominate
end product of heliumburningbecausehe cabon is convertedas soon asit is created.
Otherwise,if the reactionhappenssloner, cabon will be the dominateend product of
heliumburning. The ratesat whichnewelementsare formed,and consequentlyhe rates
of destructionof other elementsplays a strongrole in determiningthe lifetime and the

compositionof stars aswell asthe malke-upof the interstella environmentn the vicinity of
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the star. SinceC andO are fundamentaln the developmenénd sustainmentf life these
processesndtheir resultsare important to understand.Theseratescan be estimatedor
constrainedy astrophysicabbservationgnd grainsampleghat still existfrom pre-sola
systemtimes (4.6 billion yeas ago) but determiningactual ratesrequiresother methads.
Nuclea Astrophysicss a branchof physicsthat dealswith the predictionand calcu-
lation of nuclea reactionratesin astrophysicaénvironmentsmainly stella interia's but
alsoextremeenvironmentincludingthe surrounding®f X-ray bursts,novaandsupernova

explosions.

1.3 DRAGON

The DRAGON (Detecta of RecoilsAnd GammaOf Nuclea reactions)recoilmassspec-
trometer at the ISAC (Isotope Sepaator and Acceleratg facility located at TRIUMF
(TRI Universiy MesonFacility) on the Universiy of British Columbiacampusin Van-
couverBC, Canadais designedo determine,experimentally very important properties
of astrophysicallymportant reactionsrates. DRAGON can useboth stable nucleiand
radioactivenucleicreatedon-siteusingeitherthe in-lineion-sourceconnectedo the 500
MeV cyclotronof OLIS (O -Line lon Source).

DRAGONworks by projectinga beamof incomingnucleionto a gastarget, the gascan
be eitherH, or He. Nuclea fusionwill occur betweensomeof the incomingparticlesand
the gas, this dependson many propertiesbut ultimately on the reactionrate. DRAGON
then directsthe beamof the paticles,andrecoils(any productsfrom the fusionprocess)
through an EMS (ElectromagnetidMiass Sepaator) which sepaatesthe beam particles
fromthe recoils. The recoilsare thendetectedat the tail of DRAGON.Whencompaedto

the incomingbeamintensiy and severabther measurablguantities,important variables
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in the reactionrate equationcan be determined. More detailson DRAGON and the
propertiesof reactionratesit studiescanbe foundin Chapter2.

DRAGON has studieda numter of reactionsto date: like the ?!Na(p, )?’Mg [3]
and the 2%9Al(p, )?’Si reaction[9], but a commonfeatureto most of thesereactionsis
that they are well within the designlimits of DRAGON therefae, all reactionproducts
are fully transmittedthrough DRAGON. Thesedesignlimits will be presentedn Chapter
2; whenreactionsappoachthe designlimits of DRAGON it is possibleand very likely
that all reactionproducts are not transmittedthrough DRAGON, insteadonly a fraction
are transmitted. Somevery important astrophysicateactionsare at the designlimit of
DRAGON,in orderto fully understandvhatis happeningin DRAGON,acceptancestudies
at DRAGON'slimit must be perfamed. This report outlinesand analyzesacceptance
studiesperfamed in the Summerof 2006 with DRAGON usingan  particle source
and vaious collimatas. The methadology of this work is descriled in Chapter3 and
the results,includinga discussionare presentedn Chapter4. A list of conclusionsre

includedin Chapter5.



CHAPTER2: NUCLEARASTROPHYSICSND DRAGON

2.1 Nuclear Reaction Rates

Nuclea fusion reactionsoccur in stella environmentsnot becausethere is signi cant
energyavailableto overcomehe coulombrepulsionof the nuclei,but becausdhereis a
non-zeroprobability of the nucleitunnellingthroughthe barier and fusing,only paticles
with signi cant thermal energycan achievethis, the relative probability of two particles
fusing can be found by simply multiplying the Maxwell energydistribution for particles
at a temperatureof T with the probability of tunnelingthroughthe coulombbarier, the
resultingdistributionis calledthe Gamav Peakandis shavn in Figure2.1, adaptedfrom

Referencg7].

Figure 2.1: Gamow Peak: The Gamow peak represerts the probability of nuclear fusion at
an energy of E. Figure adapted from [7]

13
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The location of the peak (E4 in Figure2.1) is dependenton the stella temperature

andthe energyof the coulombbarier, seeEquation2.1,

E, 1.22¢2Z2T d3keV (2.1)

whereZ , isthe atomicnumbker of paticle a, Tg in the temperaturemeasuredn millionsof
kelvin, isthe reducednassof the nucleonsaand1.22is the resultof severafundamental
constantssuchask, ~, e and

The Gamav distributiondoesnot, by itself contribute signi cantly to elementalpro-
duction, but in reality the majaity of stella nucleosynthesigccursat a discreteamount
of energiesvhereresonances productionoccur. Resonancesccurin nuclea reactions
whenthe excessnergy is equalto an excitedstate of the product nucleusand is dis-
cussedin mare detail in Chapter3. Although, the Gamav distribution is still crucial
becauseresonancesccur at many energiesonly those with energiesnea the Gamav
peak, (Eq4 %), canoccurwith high probability in stella environmentsTherefae the
reactionrate can be written as

3=2
< v> % ~f Xi (! )iexp kE_'II' (2.2)

wheref is a factar to dealwith electronscreening(! ); is refereedo asthe resonance
strengthof resonance centeredat an energyof E;. Again, isthe reducedmassof the
two paticles. The sumis taken overall resonancethat occur nea the Gamav energy

The resonancestrength of a givenreactioncan be determinedby nding the thick

target yield?, the form is shavn in Equation2.3,

1 excessenergy consists of the energy equivalent of excessrest massand also any excesskinetic
energy

2 This assumesthat the resonancewidth is narrow, seemore details in Reference[7] for thick
resonancesr thin targets.



CHAPTER 2: NUCLEAR ASTROPHYSICS AND DRAGON 15

2 M"
2

| =
' M+ m

1 (2.3)

where isthe deBroinewaveIengtr(p h2=2E ), " isthe stoppingcrosssectionof the
target whichis equalto the energylossper unit areadensiy (eV atoms ! cn?), M isthe
massof the target particle, m is the massof the beamparticle andY; isthe thick target

yieldmeasuredxperimentallyas

3 Recoilsdetected
~ (Incident beamparticles) (Charge state fraction) ( Detector e ciencies)
(2.4)

Y1

where < Recoilsdetected is the numker of reactionproducts detectedin DRAGON,
<Incident beam particles> is the numkbker of beam particles that passedthrough the
targetand< Chagestatefractiors isthe fraction of recoilsthat havethe chage selected
in DRAGON. Finally < Detecta e ciencies> are variouscarectionfactars assignediue
to the detectas usedin DRAGON; for examplethe DSSSD, -ray array, and the recoll
spectrometer.lt is the last onethat this report focuseson.

DRAGON can determinethese quantities (Equation 2.4) to calculatethe yield as
well as the stoppingpower of the target through various detectas and techniquesthis
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 detalils.
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2.2 DRAGON

As an appaatus, DRAGON consistsof 4 main sections:a gastarget, a BGO (Bismuth
GerminateOxide) -ray detecta array, an electromagneticnasssepaator, andenddetec-
tors. Thesefour sectionsare usedtogetherto both perfam nuclea reactionsand detect

them, eachis explainedn this chapter;a layout of DRAGON s shavn in Figure2.2.

Figure 2.2: DRAGON

2.3 GasTarget

The ISAC facility can producemanydi erent beamsof heavyionsat moderateenergies
(0.15-1.7 MeV/amu). Theseions are directedto the DRAGON which consistsof a

windavlessgastarget 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 mare detailedview of the target box is shavn in Figure2.4.

Figure 2.3: The DRAGON gastarget: Included is the windowlessgasbox, collimators to
restrict gas o w and turb o pumpsto maintain vacuumaway from the gastarget.
Five Roots blowersand oneroughing pump are positioned in the gastarget area
aswell to aid in the di erential pumping.

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

2.4 BGO Array

DuringresonanceeactiongSection3.1) the heavynucleifusewith a protonor an pa-
ticle leavingthe recoilin an excitedstate. For the reactionsbeingstudiedwith DRAGON,
the excitedrecoil quickly decgs by emitting oneor mare -rays. These -rays are de-

tected, alongwith their energywith an array of -ray detectos. The elementsare made
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from Bismuth GermaniumOxide which is a high Z, densematerialthat hasvery little
afterglawv (quick reactiontime). The array consistsof 30 of thesedetectas arrangedso
that they coverasmuchof the solidangleaspossiblé. The BGOarray is shavn 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 ElectromagneticMass Separator

Oncethe recoilshavebeencreatedin the gastarget, they must be sepaated from the
rest of the beam particlesin order to be countedand hencedeterminethe yield. This
processmustbe doneaccuratelybecausdor somereactionstherecanbe only 1 recoilfor
everyl0'! beamparticles. A schematioof the DRAGON electromagnetiecnasssepaator

(EMS) shavn in Figure2.2, a mare detaileddescriptionis shawvn in Figure2.6.

4 Detector cannot be placed along the beam line or below the target box asthey would obstruct
the beam line and vacuum system respectively.
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Figure 2.6: The electromagnetic componerts of DRAGON: The gastarget and the BGO
array are located at the head of DRAGON, the rest of DRAGON is the EMS.
The DRAGONEMSis dividedinto 2 mainpats, eachdoinge ectively the samething
by sepaating the beamof particlesby the chageto massratio, becauseof this only the
rst half of the sepaator needsto be explainedin detail beginningwith the magnetic

multi-poles.
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2.5.1 Magnetic Multi-p oles

Multi-poles,are electromagnetielementghat focusandde-facuschagedparticle beams.
The simplestcaseof a multi-poleis a quadrumle which actsidenticalto a thin lenswith
the exceptiorthat insteadof focusingor defccusingan entirebeam,a quadrumlefocuses
in onedirection(horizontalor vertical)andde-facusesn the other (verticalor harizontal).
In orderto focusa beamto a point two quadrumlesare neededthis is calleda quadrumle

doubletandis shavn in Figure?2.7.

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

DRAGON hasthree doublets,one triplet®, and one singlequadrumle. Higherorder
multi-poles are usedin DRAGON (four sextumle) to carect secondorder terms that
appea in the beamalongthe beamaxis, theseare not descriled herebut arise due to
nite beamspot at the source energydeviationsetc. Oneof DRAGON'squadrumlesis
designedo havea sextumle element,this as well is usedto reducehigherorder terms

andis usedto saveboth spaceand production cost.

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 beam of incomingparticles from ISAC is in a constantchage state; as the beam
passeshroughthe gasin the target, the chage state evolveslueto electrondeingpicked
up from or lost to the gas. Dueto this fact, the particles comingout of the target are
distributedin chage. The distributiondependson the pressuregnergy chage-changing
crosssectionsand the type of target paticle. DRAGON can only transmit one chage
statefor detectionsincethe eld strengthsdependon g, therefae DRAGONhasmagnetic
dipoles(MDs) to seperate momentum-to-chage states. For mare information of chage
state distributionssee[11].

If a particle is travelingin a magnetic eld that is perpendicula to the direction of
travel then the particle will feel a force in the other perpendicula direction. This is

descriled through Equation2.5 and givesriseto circula motion.

Fs = aq+ B, (2.5)

whereFg is the force exertedon the paticle, q is the chage, ¥ is the velccity of the
paticle, and B is the magnetic eld. Equatingthe magnitudeto the centrigetal force,
v oo :
mr— =qgv Bj=qvB, (2.6)
C
wherethe crossproduct's sin term vanishesbecausedirectionsare perpendicula and

isolatingg, Equation2.6 becomes

B= -~ (2.7)

Herea choiceof magnetic eld choosesa momentum-to-chige ratio sincer . is constant,
all unwantedratios are eliminatedby the chage slits becausdhey havedi erent radii of

curvature,seeSection2.5.4.
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2.5.3 Electrostatic Dipole

The other main suppessiorelementdn DRAGON are the electrostaticdipoles(ED1 and
ED2). Theseelementsare locatedafter MD1 and MD2 respectively one of DRAGON's
EDsis shavn in Figure2.8. The red elementsare electrales, the larger radiuselectrale
(outside) is positivelychaged and the inner electrale is negativelychaged so that an
electric eld is presentbetweenthe two plates. The curvatureof the electralescauseshe
paticlesto travelwith a circula trajectay, by equatingthe force of the electric eld with
the centripetal force (Equation 2.8), the relation betweenthe electric eld and energy

becomesappaent.

Figure 2.8: An electrostatic dipole: This elemen is responsible for separating particles of
di erent energy-to-darge ratios.

2 2Erecoi
qE — m\r/_ — Itecon’ (2.8)
c c
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whereqisthe chageof the paticle, E isthe electric eld strengthbetweenthe electrales,
m isthe massof the particles, v isthe velcity of the particles,r . isthe radiusof curvature
of the dipole de ned asthe arithmetic averageof the electrales'radiusof curvature,and
Eecoil IS the kinetic energyof the recoil.. Upon rearangementthis becomes

2Erecoil

E = . , (29)

sincethe radiusof curvatureis a designfeatureof the dipoles,an electric eld canbe cho-
sensuchthat the desiredarticle energy-to-chageratio is transported throughDRAGON.
Particlesof di erent energy-to-chageratios progresghroughthe dipolesat di erent radii
of curvature,theseunwanted energiesare stopped at the massslits, seeSection2.5.4.
The DRAGONTrecoilspectrometeris specialbecausehe particlesof interest,theaetically
all havethe samemomentum,therefae the MDs sepaate by chage andthen, sincethe

chageis the samefor all particles,the EDssepaate by mass.

2.5.4 Chargeand MassSlits

DRAGONIs designedothat particlesof interest(correct chage state g andmassm) are
transmittedthrough DRAGON but alsothat at thre€® locationsthe envelog of paticles
is at a focus. Thesethree locationsare immediatelyafter the rst MD (chage focus),
immediatelyafter the rst ED (massfocus) and at the tail of DRAGON ( nal focus).
Narrow slits are then usedto stop unwantedstates(charge statesat the chagefocusand
massstatesat the massfocus) while alloving the selectedstate to continueon in the
sepaator. The chage and massslits are the main methal of beam suppession,so the
foci must be accurateand as smallas possible. This is illustratedin Figure2.9 for the

massslits.

6 Another focusexistsin DRAGON after the secondMD, but no slits are presen at this location.
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Figure 2.9: Mass Slits: The upper (blue) trajectory correspondsto 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 paticlesare at a focusthis make theseareasidealfor placingdetectas to

monita the beamor recoils,mare on this techniquewill be discussed Chapter3.2

2.6 End Detectors

DRAGON hasseverakenddetectas, eachhasboth advantagesand disadvantagesThis
work onlyusesneof the detectas, namelythe double-sidediliconstrip detecta (DSSSD),
this is descriled belov. The other detectas are anion chamler andan electrostaticmir-
ror, foil and MCP combination.

A DSSSDconsistf two planesof siliconstripsplacedon eithersideof a Siwafer. One
setof stripsare vertical(giving harizontal positioninformation) andonesetare harizontal
(givingverticalpositioninformation). Togethertheseplanegyivea 16x16pixelatedpicture
of the beamenvelog at the locationof the detects. Eachstripis 3mmwideand48 mm
in length. The DSSSDcan alsoaccuratelydeterminethe energyof the incidentparticle.
This detecto hasane ciency of 96%whicharisesfrom the geometriccoveragef the
siliconstripsin the 48mm 48mmdetects area. The DSSSDis cooledto -10 C anduses
a baisvoltageof 70V to decreasehe noise. A picture of a DSSSDdetecta in shavn in

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



CHAPTERS: ACCEPANCE

3.1 De nition of Acceptance

Befae describingthe designlimits of DRAGON, it is necessy to descrile the nuclea
reactionprocessn the gastargetin mare detail. For purposesof explanationthe reaction
12C( , )80 is used. It is usefulto usethis reactionboth becauseof its astrophysical
importance and becausat is at the designlimit of DRAGON at certain energies.The
incomingcabon atom interactswith a heliumnucleus(at rest), if a fusioneventoccurs
than the resultingproduct is oxygen. Usingconservatiorof momentumthe nal velccity

(and kinetic energy)befae the emissiorof the -ray(s) canbe calculated.

m
Vio = m—ZVi,c (3.1)
1 1 m?2 3
Eto = émovfzyo = émo m—gviZ’C ZEi'C (3.2)

wheremc is the massof carbon and mg is the massof oxygen,for this calculation,12
and 16 amurespectivelyare su cient.

The restmassof a cabon atomis 12.0amu, whereagshe restmassof an paticle is
4.002603.After fusionthe restmassof oxygenis 15.994915the massdi erence between
thesereactantsand productsis 7.68863 10  amuwhichresultsin an excessnergyof
7.115763MeV. Usingthis and the excessnergyfrom Equation3.2 (1/4 E;c) we note

the excessnergyis,

26
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1
Eexcess = ZE|’C + 7.116\/' eV (3.3)

if this energy Eexcess, 1S €qualto an excitedstate of oxygenthen a resonanceccursin

oxygenproduction [7]. The excitedstate will releasehis energyasa -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 commpnentin a

directionperpendiculato the beamaxisthenthe recoilwill be 'kicked' o axisin the other

directionto conservemomentum. If the -ray's momentumis completelyperpendicula

to the beam axis then the recoil with receivethe largestkick!. This kick will havea

momentumof ET therefae the recoilsnewo -axis velcity is

E

Voff axis,0 = W (3.4)
]

therefae the anglein the lab frameof the recoilpaticle is simplythe arc-tangentof the

two velaities, seeFigure 3.1 for geometricde nition in the lab frame.

0 1
= @ E A
off axis,0 — arctan@——gq—— (3.5)
c Mo —znfg

For 12C( , )'%0 with a carbon beamenergyof 12.84MeV, the maximumrecoilangle
is 17.9 mrad. DRAGONwas designedsuchthat any recoil paticle with a recoilangleof
lessthen 20 mrad would be fully transmittedthrough. This report investigatesvhat
happensto recoil paticles createdin the gastarget that haverecoil anglesbetween0
mrad and DRAGON's limit. Also of importance is how well computersimulationscan

repoduceexperimentsat large recoilangles. This is important becausehe only way to

! 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 alsoignoresrelativistic e ects
which is valid for energy studies at DRAGON.
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Figure 3.1: Lab frame view of recoiling nucleusassumingthat the -ray is emitted perpen-
dicular to the beam axis.

obtainanaccurateDRAGONe ciency fraction (usedin the yieldequation)is to simulate
eachreactionand determinethe fraction of particleslost.

Figure 3.2 shavs a computer simulation of particle trajectaies traveling through
DRAGON. As the particlesare emitted from the target at larger anglesthe path through
DRAGON becomesunstable' and particle losscan becomehigh. For example,The x

envelog appoacheghe beampipe in the quadrumle triplet.

3.2 Experimertal Setup

A Gadolinium(**8Gd) sourcewith an activity of 3 10° Bq is placedin the centre
of the DRAGON gastarget. While paticlesare emittedin all directions,the pumping
systemof the gastarget stopsall particles exceptthoseemitted within 20 mrad of
the beamaxislookingdownstream.The distributionof  particlesenteringinto the EMS
are compaableto a reactionwith a coneangleof 20 mrad. In additionto letting all

paticlesinto the EMS, collimatas are usedto further restrict the distribution. This

allows for a 'microscopic'look at how DRAGON transmitschaged particles. There are
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Figure 3.2: Ray tracings of 1°N e recoils through DRAGON, particles begin on the bottom
and progressthrough DRAGON. In ead direction (x and y), three setsof rays
are shavn with initial anglesof -16.5mrad, 0 mrad, and 16.5 mrad ead set of
rays cortains three initial positions (cerire of gastarget and 2.5 mm). For
ead combination of thesevalues,the energyof the recoilsis 4.033MeV, and
3%.

ve restrictivecollimatas, shavn in Figure3.3. Collimatas are labeledasviewed looking

upstreamat the collimata?. For the left (lookingupstream)collimata, the verticalangle

rangeassuminga paticle is emitted from the centre of the gastarget is -5.7 mrad to
+5.7 mrad. The haizontalanglerangeis from -7.1 mradto -22.1mrad. Other collimato

anglescan be extractedfrom these.For the holecollimata, the radialanglerangeis 0.0

mradto 6.8 mrad.

The DSSSDis cooledto -10 C and set with a biasvoltageof 70V. The three focus

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

points of DRAGON are ideal for observingthe shape and intensiy of the particles
becausehe beamcrosssectionis small,the detecta canbe mounteddirectly after® the
focuspoint.

The combinationof six collimata positions(includingthe lack of collimata position)
andthreedetectas givesa total of 18 measurementfor oneset. Alongwith the nominal
settings, other measurementsvere made: energymistunes(2 sets), slight changesn
guadrumle strengths(1 set), sourceposition movementq1l set), and a combinationof

all four givinga total of 249 measurementsomgisingthis report.

3.3 Computer Simulations

For somemeasurementgomputersimulationshavebeenperfamedto simulatethe beam
shape at the detecta locationsand particle lossegshroughoutDRAGON. Computersim-
ulationscan be usedto someextent as a diagnosticto probe problemsin realit. The
simulationprogram GEANT is usedto calculatethe particle trajectaiesthrough matter,
electric elds andmagneticelds, it wasdevelogdat CERN,mare informationon GEANT
and DRAGON'sversionof GEANT can be foundin Referencef2; 1; 10]. The previous

DRAGON GEANT simulationwas upgradedo includea mare realisticrepesentationof

3 At the nal focusthe detectoris 66cm behind the focus point, this is acceptablebecausethe
beamis still within the detector region at this point.
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the DRAGON sepaator aswell asbuilt in collimata support features.Updatedversions

of the DRAGON GEANT code canbe foundin the DRAGONCVS.



CHAPTER4: RESUOS AND DISCUSSION

This chapteris dividedinto severakectionsthe rst sectioncontainsdataandsimulations
with the  sourcecenteredn the gastarget box. As a resultof this datathe sourcewas
movedup 2mm. This data is presentedn the secondsection. In eachsection,data is
presentedor the di erent detecta locations(massslits, chageslits,and nal slits) along
with a discussiorandimplicationsof the data. All slits were openedcompletelyin all the
runsperfamedin this report. Standad settingsfor all magneticand electricelementsare

givenin AppendixC.

4.1 SourceCerteredin GasTarget Box

4.1.1 ChargeSilits

FiguresA.1 throughA.5 shav the observedit patternsat the chageslits, alongwith the
x andy projectionsfor all ve collimata positions,theseimagesappea in AppendixA.
Positivex-valueson the DSSSDchip are closestto the outer edgeof DRAGON. Positive
y-valuesare above the beam axis. The measurementvhereno collimato was usedis
shavn in Figure4.1.

There are three interestingpropertiesof the hit patternin Figure4.1: (a) thereis a
tail extendingnto the negativex zone,and(b) the centroidof the y distributionis o set
by 5-6 mmin the positivey direction. The tail in the x hit patternis dueto bending

propertiesof the magneticdipole. The sourcels not mono-energetitut ratherfollows

32
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Figure 4.1: No collimator, charge slits, sourcecertered

an energydistributionsimila to Figure4.2, this resultsin a signi cant amountof lower
energy paticles,thesepaticlesbendwith a smallerradiusin the magneticdipole (see

Equation2.7) and giveriseto the tail seenin all of the chage slit hit patterns.

08

0.6

04

Normalized Counts

0.2

0 " . .
2800 2900 3000 3100 3200 3300
Energy (KeV)

Figure 4.2: Energy distribution of the 48Gd  source.

The o set in the y directionis mare di cult to explainandunlike the low energtail,
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is not expected. SinceDRAGONIs symmetricin the y directiont theremustbe an aspect
of DRAGONTthat is non-ideal.Simulationsshav that a shift in the sourcepositionin the
gastarget of 2mmdown, will causea shift in the y distributionat the chage slits of

6mm. This simulationis shavn in Figure4.3 alongwith a simulationwherethe sourceis
not moved. This is discussednare in the next sectionof this report, Section4.2. The
positionof the detecto waschecled to make sureit wason the beamaxisof DRAGON,

it agreedwithin 1mm.

10000 T T T T T 10000

9000 9 9000
8000 | 1 8000 |
7000 | b 7000 |
6000 | b 6000 |

5000 5000
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Counts

4000 1 4000
3000 | b 3000 |
2000 | b 2000 |
1000 1 1000

0

. . . . . . " .
20 10 0 -10 -20 20 10 0 -10 -20
DSSSD y position (mm) DSSSD y position (mm)

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

FiguresA.1 through A.5 shav that the beamat the chage slits is out of focus, due
to the positionsof the beamspots in eachimage,the focal point is located upstreamof
the chage slits. This problemwill be discussednare in Section4.2.1.

The transmissiorpercentagesllov a look into whereparticles are beinglost. This
report assumeshat all particlesreachthe chageslit detectas, therefae the transmission
at the chage slits is 100%, at further detecta locations(massslits and nal slits) the
transmissions expectedto be lower then 100%. To obtain the transmissiorpercentages
the ratio of the hit ratesis used. The hit ratesat the chage slits are givenin Table

4.1 alongwith the asseiated statisticaluncertainties.They are determinedby counting

1 Seweral 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 observedits between2700keV and 3400keV and dividing by the time of the run.

Detecta e ciency is ignaed and doesnot e ect the transmission.

Collimator | Rate (£ouns

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 249 0.03

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

4.1.2 MassSlits

FiguresA.6 throughA.10 shav the observedit patternsat the massslits, alongwith the
x andy projectionsfor all ve collimata positions,theseimagesappea in AppendixA.
Positivex-valueson the DSSSDchip are closesto the outer edgeof DRAGON. Positive
y-valuesare above the beam axis. The measurementvhereno collimata was used, is
shavn in Figure4.4.

Simila to the chageslit measurementll the massslit measurementshae a common
features,there is a tail extendinginto the negativey direction. This is reproducedin
simulationswhenthe y distribution at the chage slits is shifted upwards which is the
behavio observedt the chageslits. Therefae, the simulatedy distributionat the mass
slits, if the sourceis positioned2mm down in the target box, accuratelyregroducedthe
observediata, this is shavn in Figure4.5 alongwith the distributionwhenthe sourceis
not moved,this providesfurther evidencdor sourceand/or gastarget mis-alignment.

The hit ratesandtransmissiorpercentagesre presentedn Table4.2. The transmis-
sionrepresentthe total percentagef particlesthat weretransmittedfrom the chage slits

to the masssilits.
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Figure 4.4: No collimator, massslits, sourcecertered
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Figure 4.5: GEANT simulation of y distribution at the massslits with the source moved
down 2mm (left) and certered (right). Simulation results are binned in 3mm
bins to simulate the DSSSD detector. The tail extending to negative y values
is clear in the image on the left.

Of paticular interestin this table is the bold value of 80.8% transmissiorwhenno
collimata is present,this repesentsDRAGON'stransmisiorat the massslits for nominal

settings.
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Collimator \ Rates (84S ) Transmission(%)

second

Left 204 003 86.3 1.5
Right 165 0.02 621 1.2
Up 263 004 931 15
Down® 160 0.02 66.0 1.2
Out 18.61 0.1& 80.8 0.8
Hole 231 001 929 1.2

a large particle losses(10-15%) due to nite detector size,seeFigure A.7

b This result is questionable due to increasedrate obsened in Table 4.3, seeSection ?? for dis-
cussion.

¢ Small particle lossdue to nite detector size

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

4.1.3 Final Slits

FiguresA.11throughA.15shav the observedit patternsat the nal slits, alongwith the
x andy projectionsfor all ve collimata positions,theseimagesappea in AppendixA.
Positivex-valueson the DSSSDchip are closestto the outer edgeof DRAGON. Positive
y-valuesare above the beam axis. The measurementvhereno collimata was used,is
shavn in Figure4.6.

Unlike the chageandmassslits, simulationsare unableto accuratelyreproducethe hit
patternobservedn Figure4.6. Of particular interestin this gure isthey carelationwith
X position, on inspection of FigureA.11 and A.12 we seethat particlesinitially entering
the left collimata endup with a highery valueand paticlesenteringthe right collimata
havea lower y value.

The shift in the sourcepositiondoesnot havea large e ect on the simulatedresults,
one aspect of both simulationsis that the large x tail is not within the detecta region.
Compaing this with the experimentalkesultswe seethat thereis a harizontalshift between
the hit patterns.

Whensimulatingtransmissionsat the chage slits, we do not includepaticlesthat are
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Figure 4.6: No collimator, nal slits, sourcecertered

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

not in the DSSSDregion,eventhoughthe may continueon in the sepaator and male it
to the massor nal slit DSSSDregion. The justi cation for this is becauseéhe observed
hit pattern will theaeticallysu er from this e ect asseenin FiguresA.2 and4.1. When
simulatingtransmissionst the nal slits homvever, we include particles that are not in

the DSSSDregionbut still make it to the nal slits. This is justi ed mainly because
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the experimentalhit patternsclealy do not su er from this samee ect (lossat high x
positions). Whenno collimata is used,this resultsin a 1% transmissiordi erence. Of
all the collimatas, only the right orientation collimato is a ected, herethe transmission
di erenceis 6%. Thesenumters (simulatedtransmissions)along with observedit

ratesand tranmissiorbetweenthe chage slitsand nal slits are presentedn Table4.3.

Collimator \ Rates (84S ) Transmission(%) Simulated Transmission(%)

second

Left 125 0.02 528 1.0 945 0.8(935 0.8)
Right 1.05 0.02 39.7 0.7 79.4 0.7(53.4 0.5)
Up 2.73 001 967 05 99.2 0.8(84.8 0.7)
Down 218 002 89.7 1.4 99.2 0.8(97.3 0.9)
out 16.16 0.09 70.2 05 950 0.7(83.4 0.7)
Hole 236 0.02 946 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 transmissionsobsened/simulated at the nal slits. Directions are
looking upstream at the collimator. Simulated transmissions are for nominal
settings, the numbersin the brackets indicate transmissionswhen the sourceis
moved down 2mm in the gastarget box.

Theseobservedransmissiongighlightthat particles emitted left andright are being
lost the most in DRAGON while particles emitted up and down are transmitted well.
Simulationtransmissiongor DRAGON's hominal settings shav slight particle loss for
left and right emitted particleswith almostfull transmissiorfor particles emitted up and
down. Whenthe sourcepositionis moveddown in the GEANT simulationthereis a mare
dramatice ect on the transmissionpverallthe simulatedtransmissiordropsby  12%

Figure 4.8 shaws the locationsof paticle lossesn DRAGON for the nominaltune
with no collimata. Eachsetof losess labeledby the elementin DRAGON that stopped
the paticles.

The majaity of paticle lossoccursinsidequadrumlesat locationswherethe beam
envelog is large, this can be seenby matchingparticle lossedo caresmndinglocations

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

paticle lossin the gastarget carespndsto particlesthat did not meetthe geometric

acceptanceriteriaof DRAGON, theseare ignaed whencalculatingtransmissiorbecause

they neverenterthe sepaator to beginwith. The secondype of particle lossis particles

with low energythesepaticlesget removedat or immediatelyafter the chageslits. The

nal particle lossis, asmentionedabove,in quadrapleswherethe beamenvelogis large.
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With the exceptionof someparticle losson both sidesof the Q6-Q7doublet,all particle

lossoriginatesfrom particlesemittedto the right, looking upstream.

4.1.4 Conclusions

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

rst pumpingtube downstreamof the gastarget (seeFigure2.3). The observedasym-
metry in the hit rateswas muchsmallerafter this pumpingtube wasremovedsuggesting
paticlesin the initial 22 mrad conewerebeinglost on this pieceof equipment.

Both the chage slits and the massslits suggesthat thereis a misalignmenin the y
direction. This alignmentis most easilychecled by movingthe sourcepositionin the gas
target. In simulationsmovingthe source2mmbelov the beamaxisaccuratelyrepgroduces
the observedehavio at the chage and massslits. Other misalignmentsn DRAGON
alsocausethe observedehavio, movingthe rst quadrumle up by 1mm for example,
but target misalignments alsosuggestedby the observedatesat the chage slits befae
and after an elementof the pumpingtube systemwas removed. Befae the pumping
tube was removed the rate for the down collimato was 2.43 counts/second after the
collimata was removedthe count increasedo 2.73 counts/second. The up and right
orientationsof the collimata werenot a ected by the removal. The left shaved a simila
e ect asthe down collimata wherethe rate increasesrom 2.37 counts/secondo 2.74
counts/second.

DRAGON is very sensitiveto changesn the vertical position of the sourcebut not
as sensitiveto harizontal changes.Due to this this reasonwe assumeany deviationsin
the harizontal directiondo not a ect the transmissiordrasticallyand can be ignaed for
now. For a mare quantitativedescriptionon this seeTable4.4. This table givesthe rst-

ordertransfermatrix elementof DRAGONat eachof the threedetecta locations,( j )
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denotesthe a ect onthe componentat the detecta location dueto initial deviations
inthe componentat the source.

Finally the massslit transmissiomatesare is disagreemeniith the nal transmission
rates, the up, down and hole collimatas result in increasedransmissiorrates. It is
possiblethat larger than usualnoiseproblemsat the massslits couldresultin decreased
ratesalthoughthis issuewas throughlyexamined.

Matrix Elemert | ChargeSlits MassSlits Final Slits

(XjX) -0.440 0.689 0.980
(viy) -3.554 0.980 -1.767

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

To test the hypothesisthat the gastarget box is belav the beamaxis of DRAGON,

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

the artifacts in Figures4.3 (0 axisiny) and4.3 (extendedail into -y) disapea. These

resultsare presentedn the next section.

4.2 SourceDisplaced2mm up in Target Box

4.2.1 ChargeSlits

FiguresB.1 throughB.5 shav the observedit patternsat the chageslits after the source
was movedup 2mm, alongwith the x andy projectionsfor all ve collimata positions,
theseimagesappea in AppendixB. Positivex-valueson the DSSSDchip are closestto
the outeredgeof DRAGON. Positivey-valuesare abovethe beamaxis. The measurement
whereno collimato wasused,is shavn in Figure4.9.

As predicted,the vertical shift observedn the previoussectiondisapgaed whenthe
sourcewas movedup 2mm, although,FiguresB.1 throughB.5 are still de-facusedat the

chage slits. This problemcan be compensatedfor by loweringthe intensiy of the rst
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Figure 4.9: No collimator, charge slits, sourcemoved up 2mm

quadrumple by  5%. The resulting,no collimata, hit patternis shavn in Figure4.10.
This hit patternis muchmare condense@nd althoughno additionalcollimata datawas
taken, the sizeof the hit pattern suggustghat the beamis in focus. Referencd6], a
previousacceptancestudy seeghis behaviouraswell by observinghit pattern widths.
Hit ratesfor the chage slits measurementwith the sourcemovedup 2 mm are shavn
in Table4.5. As mentionedabove,thesehit ratesare mare symmetricafter the removal

of oneof the pumpingtubes.

4.2.2 MassSlits

Theseexperimentswerenot perfameddueto time constraintsbut shouldbe checled for
agreementvith simulation. Sincethe y-axisshift at the chage slits is gone,presumably

the extendedy 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 (£2uns

second

Left
Right
Up
Down
Out
Hole

2.754 0.006
2.66 0.03
2.732 0.007
281 0.03
25.08 0.09
2.52 0.02

Table 4.5: Hit rates obsened 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 measurementgereperfamedat the nal slits. FiguresB.6to B.10shav

the observedit patternsat the nal slitsafter the sourcevasmovedup 2mm,alongwith

the x andy projectionsfor all ve collimata positions,theseimagesappea in Appendix

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

Positive y-valuesare above the beamaxis. The measurementhereno collimata was
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used,is shavn in Figure4.11.

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

Simulationsdid not predict the observedit pattern at the nal slit evenafter the
sourcewas simulatedto be lower than the beamaxis. Sincethesesimulatedhit patterns
fail to agreewith experiment,the e ect of movingthe sourceis unknavn. 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 collimatas is still presentsuggestinganothermisalignmenis havingan e ect
on the beam. Possiblesuggestiongre eludedto in the next Section(Conclusionsand
Future Work on Acceptance).

Transmissiorpercentagesnd hit rateswere observedat the nal slits and are pre-
sentedin Table4.6. Includedfor referencas the transmissionat the nal slits with the
sourcein the original position. No simulateddata is includedbecauseboth versionsnere

presentedn Section4.1.3.
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Collimator \ Rates (SUMS ) Transmission(%) Transmission(old position) (%)

second

Left 1.146 0.004 420 1.0 528 1.0
Right 158 0.013 594 0.8 39.7 0.7
Up 253 0.014 926 0.6 96.7 05
Down 249 0.018 886 1.1 89.7 14
Out 17.16 0.07 684 0.4 70.2 0.5
Hole 2.464 0.009 97.8 0.9 946 14

Table 4.6: Hit rates and transmissions obsened 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 possiblesolutionto this referto Section5, point

5. The right transmissiorincreasedly  50%, this increaseagreeswith the simulated

transmissionncrease.



CHAPTERS5: CONCLUSION&ND FUTUREWORK ON
ACCEPRANCE

The goal of theseacceptancestudiesis not to make DRAGON perfectfor all reactions
at all coneanglesor to obtain the maximumtransmissioh, rather what is neededs for
DRAGONIto agreewith simulationsothat accuratee ciency fractionscanbe determined
through simulationsfor previousand upcomingreactions. Thesee ciency fractionsare
useddirectlyto determinghe yield(Equation2.4) whichis oneof the propertiesDRAGON
wasdesignedo measure Anothergoalof theseacceptancetudiesis to pinpoint possible
problemsin DRAGON suchas misalignment®r tuning problemsand carect them.

This study hasdeterminedhe following conclusionsnd suggestion$or implementa-
tion.

1. DRAGON'sgastarget needsto be re-alignedto insurethat the gastarget's axis
is on axiswith the beamcomingfrom ISAC aswell as, and possiblymare important, the
spectrometeraxis. This ensureghat the best pat of the incomingbeaminteractswith
the gasbut alsoensureghat the EMS will receiveparticleson axis.

2. If possiblea systemwidesurveyof the presentocationof everyelemenin DRAGON
would be usefulfor future referencingf misalignmentssuearise. A surveywith a theado-
lite concludedthat the gastarget was high with resgect to the beamaxis. This is in

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

! 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 threeelementsn DRAGONnNeedto be studiedin mare detailandcarected
in orderto achievefocusat the massslits. For excellentoeamsuppessiorthe slits need
to be closedasmuchaspossiblewithout clippinganyrecoils,this canonly be doneis the
recoilsare actuallyat a focusat the slit locations.

4. Further simulationsand experimentsmust be caried out to pinpoint the causeof
the asymmetryin the nal hit pattern. Thereare a lot of elementdetweenthe massslits
and the nal slits so this may requireadditionaldetecta locationsor somealternative
meansf observinghe hit patterns. Dueto the natureof the asymmetrya possiblecause
of this and a suggestiorfor simulationsvould be to test the e ect on the hit patterndue
to a rotated quadrumle.

5. Althoughnot includedasresultsin this report, it wasfoundthat smallchangesn
the ED's voltagecan changethe hit rate observedt the nal slits. The currentmethad
of tuning DRAGON's rst ED callsfor the centeringof the beamon the masssilits, the
tuning of the nal ED center'sthe hit pattern on the nal slits. This methad doesnot
agreewith the theaetical settingsfor the electricdipoles. As a exampleof this, the ray
tracing diagramsshavn in Figure 3.2 is not centeredat the nal slits but rather shifted
to negativevaluesof x. Sincethe detecta is located 66cm after the focus, this would
givea hit pattern shiftedto high x values(asin Figure4.7), not centeredasthe tuning
descriptioncallsfor. Figure5.1 shavs the transmissiorat the nal slits for varying ED2
voltages,the theaetical value, basedon 80% of the ED1 voltage (81.5kV, which was
choosento centerthe beamat the masssilits), is 65.2kV. Therewas no collimata used
in thesemeasurements.

Resultsin this report use63.5kV asthe set point on ED2. It is interestingto point
out that in all of thesemeasurement@-igure5.1) the beamat the nal detecto position
is fully onthe chipwith empty channelst the edge this meanghat anyparticle lossesre

occurringin the sepaator itself. The left collimata wastestedat an ED2 settingof 63.0
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Figure 5.1: E ect on transmissionwith varying ED2 voltage setting.

kV to seeif the transmissiorincreasedthe resultwas a transmissiorof 1.169 0.004
counts/second. At 62.5kV the transmissiorwas 1.14 0.012 counts/second.Finally
at 64.0kV, the transmissiorwas 1.15 0.011counts/second.Sincesteeringthe beam
both ways in DRAGON doesnot seemto increasehe transmissiorat the nal slits the
problemmay occur befae the secondED. From 4.8 and includedin the discussiorwith
it, the Q6-Q7doubletshavs particle lossin simulationsfor particlesemittedto the right
aswell asleft (looking upstream). This is the only quadrumle locationin Dragonthat
particles originally emitted to the left are lost and shouldbe investigatedurther.

It is possibleo increasdhe transmissioby  15%by reducingeD1'svoltagesetting

by 2 kV, this may providecluesto paticle lossaswell.

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

A.1 ChargeSlit Images

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

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

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

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

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

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

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

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

Figure A.15: Collimator in hole orientation, nal slits, sourcecertered
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SOURCE2ZMM 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



APPENDIX B: SOURCE 2MM HIGH IN GAS TARGET IMAGES 64

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 ELECTRICFIELD SETTINGS

MD1 was set for an energyof 3.15 Mev, atomic massof 4.0, and chage of 2+, the
magneticeld readingfor MD1 was2561.4G. All quadrumlesandthe otherMD magnetic
elds are givenasratiosto that of MD1 and are shavn in TableC.1.

Sextumlesare controlsby currentratherthen magnetic eld, TableC.2 givescurrent
ratios of the sextumle elementswith resgectto MD1.

The electricdipolesweresetto 81.5kV (ED1) and 63.5kV (ED2) unlessotherwise

stated.

Elemert | Ratio of B-eld (to MD1)

01 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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Elemert | Ratio of currert (to MD1)

S1
MD1
S2
S3
S4

0.0527
1.000
0.0114
0.00900
0.0.0960

Table C.2: Current Ratios for Sextupoles
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