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INTRODUCTION

The NuclearPhysicsLaboratoryof the University of Washingtorhasfor over 40 yearssupported
a broad programof experimentalphysicsresearch. The current programincludes"in-house" research
using the local tandem Van de Graaff and superconducting linac accelerators and no-acesleaadtin
gravitation as well as "user-mode" research at large accelerator facilities around the world.

The mostextensiveupgradeof the tandemacceleratomn its 29 yearsof operationhasbegun. The
Departmentof Energy madefunds availablefor installing a pelletron charging systemand new spiral
inclined field beam tubednstallationof the pelletron,of a computercontrol systemin the terminal,andof
a new column resistor string has beempletedandthe tandemis operatingsuperbly. Manufactureof the
beamtubeshas beendelayedbecauseof problemswith the electrodes. The tubesare expectedto be
shipped in April 1994.

Our in-house studies of nuclear structure and reactionsinclude nuclear astrophysics,giant
resonanc€GDR) studies,studiesof fusion and high angularmomentumphenomenan nucleus-nucleus
collisions,investigationof weakinteractionsandtestof the EquivalencePrinciple, AMS studiesusingthe
tandem as an ultra-precisessspectrometeranda variety of appliedactivitiesby outsideusers. Thereis
an active program at the laboratoryto developinstrumentationin supportof the user-modephysics
activities. The user-modeesearchncludeswork at TRIUMF, the CERN SPS,andthe Michigan State
NSCL facility. Below we present some of the highlights of the UW NPL research program.

We havecompletedour study of compoundnuclearGDR decayat high spinin the A ~ 60 mass
region, with evidencefor the strongly deformednuclear shapesthat are predictedat high spin by the
rotating liquiddrop model. We havemeasuredhigh energygammaray productionin 2C + Mg collisions,
andfound a substantiaenhancementf the crosssectionfor bremsstrahlungroductionon 26Mg relative
to the production oA*Mg.

We have completed a new measurement of the radiative decayg16 6d 6.9 MeV) 2+ doublet
in 8Be, for the purposeof animproved CVC/secondclasscurrenttest. We have madea more precise
determinationof the M1 width, andwe haveshownthat, in contrastto previously publishedresults,the
isovector E2/M1 mixing ratio is small.

Our involvementin the APEX experimentcontinues,with recentacquisition of over 600,000
positrons and 150,000 electron-positron pairs with the APEX spectronitei®now becomingpossibleto
makespecificcomparisonsvith GSI results,including a carefulanalysisof the relativeacceptancesf the
several experiments.

The analysisof an intermediateenergyheavyion reactionstudy is nearingcompletionand has
yielded somequite interestingresults. We find that the fusion cross section (fission plus evaporation
residuesyemainssurprisingly high as the bombardingenergyof the 1*N and'®O projectilesvary from
25'Ato 130A MeV. We attributethis to contributionsfrom partial wavesbeyondthe angularmomentum
valuefor which the fission barrierof the compositesystemgoesto zero. This occursbecausehe angular
momentumfinally appearingn the compositesystemis reducedby pre-equilibriumparticle emissionto
valueswhich the systemcanaccommodatevithout instantlyfissioning. Theinterpretationis supportedy
our linear momentum transfer and pre-equilibrium particle multiplicity measurements.

As part of this experimentwe have also obtainedinformation on the compositesystemlifetime
from deuteron-deuteroimtensity correlation. The lifetimes are in the few times 102! secrange. They
vary with impact parameterand target massas expected lending confidenceto their interpretationas
originating from an equilibrated system.



The ultra-relativistic heavy ion (URHI) physics researchprogram of the Nuclear Physics
Laboratory has in the past year accepted major new responsibilit@E R experimeniNA49, including
developmenbf the overall slow-controlconsolefor the experimentand developmenbf the tracking and
dataanalysissoftwarefor the experiment'snain time-projectionchambers.In the analysisof NA35 data
we havedevelopeda new versionof the tracking programthat is now standardn the collaborationand
have established momentum calibration proceduresthat should permit analysis of mixed-charge
correlations. We have also made significant contributions to the STAR collaboration including
development of a grouping pattern-recognition technique for the $¥&8havenew STAR responsibilities
for developingan electrostatiomodel of the TPC field cageand for developinga regulationand control
systemfor the TPC high voltage. Thetechniquadiscussediastyearfor bin-free maximume-likelihoodHBT
analysishas now beendemonstratedavith simulateddata. We have also discovereda subtleerrorin a
proposed technique that appeared to offer unexpected sensitivity to moments of HBT distribution functions.

The acceleratormass spectrometry (AMS) group has completed a study in which AMS
radiocarbon{*C) dates were obtained for samples of pollen extracted from segmeins lake sediment
andpeatcoresthatcontainanashlayerassociateavith the catastrophi@ruptionof Mt. Mazama,Oregon,
about7600yearsago. Purepollenwas extracted,using proceduresecently developechere,from core
segmentgust aboveandjust belowthe MazamaAsh layer. The resultsare characterizedy the striking
internal consistencyof the pollen dates,by the agreemenbf the dateinferred from themfor the Mazama
eruptionwith the bestconsensudatederivedfrom previousstudieselsewhereand by a numberof serious
discrepanciedetweenthe pollen datesand the "bulk carbon" dates,i.e., those obtainedfor material
extractedrom the samecoresegmentsisingthe traditional, muchsimplerprocedureshatyield essentially
the total organiccarboncomponenbf the core material. Pollenis a widely usedpaleoclimatendicator,
andpollen manythousand®f yearsold cannow be datedthroughour methodswith an accuracyof +50
years. This shouldleadto enhancectlarity and muchmoreaccuratdime controlin the reconstructiorof
paleoclimates through palynology.

The Laboratoryprovidesbeamdor a rangeof usesoutsideof conventionahuclearphysics. This
yearresearcherffom the Ball AerospaceSystemsGroupandthe BoeingDefenseand SpaceGroupsused
beamdrom thetandemandboosterto investigateradiationdamagen variouselectronicdevices. Also the
tandemwas usedto testthe neutronresponsef a muondetectorfor the Visual Techniqued.aboratoryof
the University of Washington Department of Physics.

As always,we welcomeapplicationsfrom outsidersfor the useof our facilities. As a convenient
reference for potential users, the table on the following page lists the vital statistics of our accelevators.
further information, please write or telephone Professor William G. Weitkamp, Technical Director, Nuclear
Physics Laboratory, University of Washington, Seattle, WA  98195; (206) 543-4080 (e-mail;
W@NPL.WASHINGTON.EDU).

We closethis introductionwith a reminderthatthe articlesin this reportdescribework in progress
and are not to be regardedas publicationsor to be quotedwithout permissionof the authors. In each
article, the names of the investigators have been listed alphabetically, with the primary author underlined.

We thank Karin M. Hendrickson for her help in producing this report.

Robert Vandenbosch
Editor

Barbara Fulton
Assistant Editor
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1. NUCLEAR ASTROPHYSICS

1.1 B* decay of 3Ca

E.G. AdelbergerA. Garcia, P.V. Magnus, H.E. Swanson, F. Weitfeldt, the GSI group of
E. Roeckl, the Goéttingen group of W.-D. Schmidt-Ott and the ISOLDE group

We havemadenewstudiesof *’Ca B* decayat GS|andISOLDE. The mainmotivationsfor this
work were:

1. to comparethe ¥Ca — *K B(GT) valuesto the isospin-analog’”’ Cl - *Ar valuesinferred from
¥ Cl(p,n) data; and

2. to improve predictionsof the efficiency of the HomestakeMine solarv detectorthat dependupon
relating the*’Cl(v,e) GT cross-section to tHéCa B(GT) values.

The GSI experimenwasfocusedon obtainingabsolutebranchingratiosfor the [3 —delayedproton
andy —ray branches.We usedan energetic’’ Ca beamfrom the GSI FragmentRecoil Separator. * Ca

ions from the fragmentation of'@Ca beamwerestoppedn the centralelementf a stackof 3 Si counters
and 3's were detectedn the outertwo Si elements. The Si stackwas surroundedby 2 large-areaGe
counterghatdetected3 —delayedy 's. We observedy —raysof 1371, 2750and3241keV; thelatter two
indicate that the B(GT) values of the particle-unstable levels at 2750 and 3241 keV Ineeoktectedor
their non-zerovaluesof I, /T ,. Preliminaryanalysesndicatesthat thesecorrectionsreduce but do not

eliminate, the previously notédiscrepancy between tifie-decay and (p,n) B(GT) values.
We determinedhe * Ca lifetime by runningwith a shortbeamspill and observingthe decaytime

of the intenseand essentiallybackground-freesuperallowedgroup in the delayedproton spectrum. This
and other results are being analyzed by GSI.

The experiment dSOLDE wasanupgradedrersionof our earlierexperiment which featuredthe
following improvements:

1. weranonthe ¥Ca™F 'sidebandso that the beamhadessentiallyno contaminatiorof otheractivities
(especially® K);

2. we useda high-efficiencyannularNal detectorsegmentednto 8 channelso detect®’ Ca B —delayed
proton decays feeding excited stated’af , as well as th@ —delayedy decays; and

3. we used a thicker Si detector that could count higher energy protons without 'punching through'.

Preliminaryanalysisof the delayedy —ray datayields resultsconsistentvith our GSI experiment.

The delayedproton data are largely consistentwith our earlier work, but somesmall discrepanciesire
present. We are currently tracking these down.

* Notre Dame University, South Bend, IN.
1E.G. Adelbergeet al., Phys. Rev. Let67, 3658 (1991).
2A. Garciaet al., Phys. Rev. Let67, 3654 (1991).



1.2 M easur ement of the beta-delayed alpha-particle decay of 16N and the astr ophysical
E1 Sfactor of the12C(a,y )10 reaction

E.G. Adelberger, J.F. Amsbaugh, P. Chan, L. De Braeckeleer, P.V. Magnus, D.M. Markoff,
D.W. Storm, H.E. Swanson, K.B. Swartz, D. Wright @h@hao

The determinatiorof the astrophysicateactionrate for the 12C(a,y ) 160 reactionis a problemof
greatimportancein nuclearastrophysicsasit determineghe evolutionof massivestarsand thereforethe
synthesiof heavierelements. This crosssectionat 300 keV is dominatedby two subthresholdtatesthe
1" stateat 7.12MeV andthe 2* stateat 6.92 MeV. It wasdemonstrateef thatthe beta-delayedilpha-
particleemissionof 16N at low energyrevealsan interferencepeakwhich is directly relatedto the reduced
alpha-particlevidth of the subthreshold™ state. Thereforethis spectrumprovidesinformationon the E1
cross section of thEC(a,y ) 160 reaction at lower energies.

The two previousexperimentson the beta-delayedalpha-particleemissionsuffer from various
limitations. The Yale experiment useda thick target,which complicatedthe interpretationof the results.
The TRIUMF experimertt sufferedfrom the difficulties in subtractionof the 17:18\ contaminationin the
spectrum, which appears in the position of the predicted minimum.

We haveconductednitial testson measuringhe alpha-particlespectrumusing the rotating arm
apparatusuilt for the mass-8beta-alphacorrelationmeasurementslhe deuteronbeam (30p A at 3.5
MeV) from the FN tandemwasincidenton the rotating targetwhich consistecbf Ti15N on a Ni backing.
When the beam wam, the recoiling 16N nucleiwerecollectedby a carboncatcherfoil, 10 ug/ cm? or 20
ug/ cm® respectively. When the beam was off, the catcher was transferred to the counting area. There are
two silicon surfacebarrierdetector§100 mm? and20 pm thickness50 mm? and15 pm thickness)n the
counting area. The energies of the alpha-particles and the carbon nuclei were detected simultaneously. The
slow timing betweerthe two particleswasalsodeterminedat the sametime, andwasusedin the software
to reduce the random background. The lifetohthe decaywasmeasuredo be consistentvith the known
lifetime of thel®N nuclei. In addition, the detector response to low energy carbowasasostudied. In
Fig. 1.2-1, we show the two-dimensionalhistogramof carbonenergyversusalpha-particleenergy.The
contribution of the broad ktate at 9.6 MeV &80 is the dominant feature tfe histogramwhile thetrue
low energy eventarevisible in a curvedgrouproughly alongthe diagonalline. The propergate(basedn
the foil thicknessand the detectorresponseeffects)is then placedto the two-dimensionalhistogramto
obtain the -delayedd -particle spectrum over the range of the interest, shown in Fig. 1.2-2.

17. Zhao, R.H. France lll, K.S. Lai, S.L. Rugari, M. Gai and E.L. Wilds, Phys. Rev.70e2066 (1993).
2L. Buchmanret al., Phys. Rev. LetfZ0, 726 (1993).



Fig. 1.2-1. Energy of C deposited in detector 1 vs. energy of alpha-particle deposited in detector 2.

Fig. 1.2-2. Beta-delayed alpha-particle spectruffief



2. GIANT RESONANCES

21 Spin-induced shapetransitionsin Cu compound nuclel
A.W. Charlop,Z.M. Drels, M.S. Kaplan, K.A. Snover, D.P. Wells and D. Ye

At very high spinsa shapetransitionis expectedjn mediummassnuclei, from oblateto triaxial,
with a superdeformednajor to minor axisratio of 2:1 andlarger. To searchfor this shapetransition,we
studiedGDR decaysof **°Cu compoundnucleiformedin *’S+%’Al and *®0+“*°Sc reactionsover a wide
rangeof spinandexcitationenergy. Resultsof thesemeasurementsavebeenreportedearlier! In thetop
row of Figs.2.1-1and2.1-2the averagecrosssectionso . (E, ), inferredfrom statisticalmodelanalysis
of the measure@DR spectralshapesareplotted for *S+2’Al and'®0+*°Sc systemsespectively.In the
highesttwo bombardingenergycasesof 3?S+2’Al the high energyy rays were measuredn coincidence
with the low energyy multiplicity, anda fold =2 conditionwas requiredin the multiplicity filter. In the
highesttwo bombardingenergiesof *O+*Sc reaction,a non-statisticalcontribution at high y —ray
energies E, 222MeV is observedin the emissionspectraand in the measuredangular distribution

a(Ey) coefficients,and is attributedto nucleon-nucleorbremsstrahlung. The measuredo,,, were

correctedfor this backgroundn a self-consistenprocedure. The angulardistributionsin the CM frame
werefitted with a secondorderLegendrepolynomialexpansionandthe extracted & (E,) coefficientsare

plotted in the bottom row of Figs. 2.1-1 and 2.1-2.

In both systemsthe width of the GDR strengthfunction was found to increasesmoothly with
increasing bombarding energy¥his broadeningf the strengthfunctionis dueto two effects:spininduced
equilibrium deformationof the nucleus,and temperaturenduced fluctuations around this equilibrium
configuration. Full thermal shapeand orientation fluctuation calculationsare neededto interpret the
results. Thesecalculationsare performed with liquid drop potentialenergysurfaceqPES)calculatedat
constantspin. Below a certainspin J. (= 36#, and 39 for *°Cu and **Cu nuclei respectively)the
minimum lies along the oblatenon-collective axis. At J= J,, a shapetransitionoccurs,the equilibrium
shapebecomestriaxial, rapidly approachingthe prolate collective-axis,and the deformationincreases
rapidly with spin. This is similar to the Jacobitransitionin rotatingstars. The calculationsare averaged
over the initial spin distribution which is approximated by three spins of roughly equal weight. The thermal
fluctuation calculations are performed at each spin and then averagesiuttsare shownasthick curves
in Figs. 2.1-1 and 2.1-2.

The calculatedcrosssectionsfor all casesagreevery well with the experimentalresultsin the
regionE, >12MeV. Below E, =12MeV , thedisagreemertbetweerthe calculatedspectraandthe data,
for the high bombardingenergycasesis dueto the low-energybackgrounctontamination. The calculated
a, alsoagreewith datain E, >12MeV region,particularly the observedhegativedip on the low energy
sideof the resonancés well reproducedn all bombardingenergies. The calculationspredictthat the a,
coefficients should turn positive on the high energy side of the resonance. The statistics become
increasingly poor abovgé, =20MeV , and the measureaj provides little information téestthe theoryin

this region.
To investigatefurther the role played by the spininduced Jacobi transition, full fluctuation

calculationsusing parabolic potential energy surfacesin which this shapetransition is removedwere
performedfor *?S+2’Al system. The resultsare shownasthin curvesin Fig. 2.1-1,andare adequatenly

INuclear Physics Laboratory Annual Report, University of Washington (1993) p. 3; (1992) p. 14; and (1991) p. 3.
2Y. Alhassid, private communication.



at the lowesttwo bombardingenergiescorrespondingo low averagespins. At higherbombardingenergy
(spin) casesthesecalculationdail to reproducehe experimentatrosssectionsjndicatingthe importance

of the Jacobi phase transition to account for the experimental results.

Fig. 2.1-1. Absorption cross sections (top row), andulardistributioncoefficients(bottomrow) inferred
from analysisof the **S+* Al data.Thick solid curvesare the resultsof the full fluctuation calculations
with the RLDM potentialenergysurfacesincluding the Jacobiphasetransitions.Light solid curvesare

calculations with the phase transition removed.

Fig. 2.1-2. Same as Fig. 2.1-1, but {4+ *Sc data.



2.2  Bremsstrahlung and GDR decay in 12C + 2426Mg collisions
Z. Drebi, M. Kicinska-Habiof M. Kelly, A. Maj," K.A. Snover K. Swartz and D. Ye

As part of our effort toward a better understandingf heavyion bremsstrahlungn the near-
thresholdregionE/A < 15 MeV/nucleon,we havemeasuredhigh energygamma-rayemissionin collisions
of 12C with 24Mg and26Mg. Dataweretakenat five anglesandat bombardingenergiesof 6.1, 8.6,and
11.2MeV/nucleon. High energygammaraysweredetectedn the large Nal spectrometeandlow energy
gamma rays were also measured in coincidence using the multiplicity filter.

Theinclusivedatafor the four measuredeactionsareshownin Fig. 2.2-1. The top row displays
the total crosssection togetherwith the statistical(GDR) decaycomponentalculatedwith Cascadeising
standarcparameters.The bottomrows showthe a, anda, coefficientsextractedrrom fits to the measured
angulardistributions. The curvesin theselower panelsare illustrations of the behavior expectedfor
nucleon-nucleon bremsstrahlurgsumingsotropicemissionin the nucleon-nucleomenter-of-massith a
crosssectiongiven by the solid curvein the secondrow. At high E, = 30 MeV, this bremsstrahlung

estimateagreeswell with the measuredy valuesin the highestthree bombardingenergycases. In the
regionnear20 MeV in thesecaseqandfor all E, in the 73 MeV data),the measuredy valueslie below

the curves, due presumably to the GDR contribution.
Comparingthe two different targetsat the highestbombardingenergy (first two columns),it is

puzzling that the Cascadecalculations(top row) indicatethe GDR is a bigger fraction of the total yield
nearE, =20MeV in the caseof the 26Mg target,whereaghe a, coefficientimpliesthe opposite. Another

interesting feature of the data is that the cross section raéiéMgf2“Mg at highE, is approximatelyl.7,
independendf E, whereasthe simple scaling factor for first chancen-p collisionsis 1.03. This last

observationis similar to previousresult3-2 in much heaviersystems. More detailedcalculationsare in
progress.

*Institute of Experimental Physics, Nuclear Physics Laboratory, Warsaw University, 69 Hoza St., 00-681 Warsaw,
Poland.

tNiewodniczanski Institute of Nuclear Physics, Crakow, Poland.

1C.A. Gossettt al., Phys Rev @2, R1800 (1990).

2N. Ganet al., Phys. Rev. @9, 298 (1994).



Fig. 2.2-1. Spectraand angular distribution coefficients for y -rays producedin **C + *Mg and
2C+**Mg collisions.



2.3 Bremsstrahlung and GDR decay in O + Mo reactions
Z.M. Drebi, F. Liang, M.P. Kelly, K.A. Snover a2l Ye

For nuclearreactionsat beamenergieof 30 MeV/A or above high energyy —ray spectra(E, 2

30 MeV) are dominatedby the nucleon-nucleorbremsstrahlungomponent. At beamenergiesbelow 5
MeV/A, GDR decay dominatesthe region. However, at 10 MeV/A, both componentsare evident.
Understandinghe interplay betweenthe two componentwill extendour knowledgeof nucleon-nucleon
bremsstrahlungp lower beamenergiesandwill alsoprovide morereliabledataon the GDR crosssection
in this bombarding energy region.

In our experiment,an isotopically enriched®2Mo targetof 3 mg/cn? was bombardecby a 150
MeV 160 beam. The spectrumshapeandangulardistribution of high-energyy rayswere measuredy a
large Nal spectrometer.The multiplicity of low-energyy rayswasmeasuredn coincidencewith high-
energyy rays using the newly completed multiplicity detector atray.

High-energyy —ray yields were measuredat five angles:40°, 55°, 90°, 125°, 140°. The
cross sectionswere transformedinto the compound nucleus center of mass and fitted with Y (0)
=A [1+aP; + a,P,] wherethe P, areLegendrePolynomials. Datahavebeenanalyzedwith a multiplicity
gatingof M, = 4, andwithout multiplicity gating. In Fig. 2.3-1,thetwo setsof center-of-massy values
are plotted as a function gf—ray energy. At the low energy end, smallgrvalues can be seen fbr, >

4, indicatinga suppressiomf directreactioncontributionsby the multiplicity gate. In high energyregion
(E, 220MeV), agradualincreasen a, canbeseenin bothdatasets.This increaseresultsbecauséoth
the forward folding of the bremsstrahlungomponentandthe fractionalsize of this componentrelativeto
the GDR contribution)increasewith E, . Also noticedis thatin this region, the two setsof &'s arein
agreementwith each other within statistics. This agreementindicates that the ratio betweenthe
bremsstrahlungndthe GDR decay is insensitiveto the gateon low-energyy —ray multiplicity (whichis
correlatedio the impact parameteof the compoundreaction). Statisticalcalculationsare currently being
carriedout to understandhe influenceof multiplicity gatingconditionon the GDR crosssection. Future
analysiswill be concentratedon decomposingthe two componentsbhasedon the measuredangular
distribution and spectrum shape.

In a similar measurementa 73 MeV 1860 beamwas incident on a 92Mo targetof thicknessl
mg/cn? to producethe compoundnucleus!19Sn at excitationenergyof =60 MeV. They —ray decay

energyspectrawith no multiplicity gatingandwith multiplicity gatingM, = 2 arebeinganalyzedusinga

CASCADE (statisticalmodel) fitting routine. The extractedwidth of the GDR is of interestin light of
present uncertainties as to the dependence of the GDR width on compound nucleus excitation energy.

INuclear Physics Laboratory Annual Report, University of Washington (1993) p. 83.



Fig. 2.3-1. Angular distribution coefficienf asa functionof y —ray energyin centerof masscoordinate
of compoundnuclearreaction. Both datawith multiplicity =4 and data without multiplicity gate are
plotted for comparison.



3. NUCLEUSNUCLEUSREACTIONS

31 Distributions of fusion barriersextracted from cross section measurements on the systems
4OCa + 19205' 194p¢
J.D. BiermanP. Chan, F. Liang, A.A. Sonzogni and R. Vandenbosch

The problem of subbarrier fusion enhancementover one-dimensionalbarrier penetration
calculationshasbeenattributedto couplingto otherdegreeof freedomwhich split the apparentbarrier,
resulting in a distribution of barrieissteadof just onebarrier. This explanatiorled to severalattemptgo
determinethis distributionby fitting the availablecrosssectiondata. In recentyears,it wassuggestedy
Rowley! thatinformationaboutthe distributionof fusion barrierscould insteadbe extracteddirectly from
the crosssectiondataratherthanfrom a fit or simulation. This methodwas shownto work well whena
more detailedstudy of the 160 + 154Sm systend was performed ,yielding the expecteddistribution dueto
nuclear deformation effects.

We havedecidedto attempta detailedstudy of the fusion crosssectionfor two systemswhich,
though similar in Z and\,, shouldexhibit differencesn thebarrierdistributionsandseeif thesedifferences
arepresenin the actualdistributionsextractedrom the data. We havechosent?20s and194Pt astargets
becausehe quadrapolaleformationsignflips, 1920s 32 = -0.17and194Pt 3 2 = +0.15,indicatinga shift
from prolateor cigar shapedeformationto oblateor pancakeshapeddeformation. Sincethe sought-after
effectgoesasdV/dr we could magnifyit by goingto a higherZ projectile. This resultedin our decisionto
use40Ca asour projectile. Fig. 3.1-1 showsa CCDEF calculationwhich includesthe appropriatestatic
guadrapoledeformationand a small hexadecapolaeformationfor both targets. Coupling to the 3-
inelastic state if°Ca and to the very positive Q valued 2n transfer for both systems is also included.

Sincethe fusion of 40Ca with eithertargetresultsin a compoundnucleuswhich is very neutron
deficient,the compouncdhucleuswill alwaysdecayby fission sowe canmeasurédhe fission crosssections
andequatethoseto the fusion crosssections. We measurehe fission productsusing E-A E telescopewith
an angle-definingcollimator. A 4 cm high, 6.5 cm wide, sevensegmensilicon strip detectoris placedat
the properangleto detectthe complementaryragmentto the fissionsdetectedn the telescope.At present
we haveperformedtwo testruns andare preparingto begin measurementsn the 49Ca + 1920s system.
Oncethe measurementsavebeenmadewe will extractand comparethe barrierdistributionsfor the two
systems.

Fig. 3.1-1. Fusion barrier distributions
extracted from a CCDEF calculation of the
cross sections fd®Ca +1920s andl94pPt.

IN. Rowleyet al., Phys. Lett. B254, 25 (1991).
23 X. Weiet al., Phys. Rev. Let67, 3368 (1991).
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3.2  Evaporation residuecrosssectionsfor 4°Ca + 4650T| at energiescloseto the
Coulomb barrier

J.D. Bierman, P. Chan, J.F. LiagA. Sonzogniand R. Vandenbosch

A few years ago, the fusion excitation functions for 16O on different isotopesof Sm were
measured23 The targetsrangedfrom the semi-magic44Sm to the well deformed!**Sm, andit was
observedthat the larger the numberof neutrons.the larger the fusion crosssection. This enhancement
could be attributedto both the increasingdeformationandthe decreasen the neutronbinding energywith
increasing mass number.

Our intention is to make a similar studhyt with a systemwherethe targetbecomedessdeformed
asit getsricherin neutrons. An idealtargetfor that purposes Ti, for which the deformationdecreaseas
we go from*8Ti to °OTi. We decided to use the doubly matfi€a as the projectile.

The experimentabetupconsistedf a telescopemadeof two Si detectors|ocatedat 64 cm from
the target andleeto changats anglewith respecto the beam. The evaporatiorresiduedeft mostof their
energyin the first elementand the secondone was usedto veto the elastic scattering. Time of flight
information was usedto improve the identification of residues. Two Si detectorswere placedat +25
degreedor normalizationpurposes.The 4°Ca beam,with energiefrom 121.4MeV to 154.3MeV, was
first acceleratedy the 9 MV UW-NPL Pelletronand postacceleratedy the UW-NPL Linac. Special
care was taken to collimate and focus the beam.

Angular distributionswere takenfor 46:50Ti. Preliminaryresultsare shownin Fig. 3.2-1. A
double Gaussian function was fitted to the angular distributions andt#h&ision crosssectionat a given
energy is calculated by integrating this function over angle.

Further experiments will include the bombardmerntédfi as well as a larger number of energies.

Fig. 3.2-1. Evaporation residue angular distributior*f@a(154.3 MeV) +°°Ti.

IR.G. Stokstadt al., Phys. Rev. @1, 2427 (1980).
2D.E. DiGregoricet al., Phys. Rev. B9, 516 (1989).
3D.E. DiGregoricet al., Phys. Lett. BL76, 322 (1986).
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3.3 Evaporation residue and fission cross sectionsand linear momentum transfer for 14N and
160 induced reactions at energiesranging from 25 A MeV to 130 A MeV

D. Bowman’ G. Cron’ R. DeSouzd,J. Dinius; A. ElImaanni D. Fox] C. K. Gelbke, W. Hsi;
C. Hyde-Wright W. Jiang, W. G. Lynch,C. Montoya;, T. Moore! G. PeasleéD. Prindle,
C. SchwarZ,A. A. Sonzognj M. B. Tsand, R. Vandenbosch and C. Williains

We report here the results of two experiments performed at the National Superconducting
Cyclotron Laboratoryat Michigan StateUniversity using the miniball array? The evaporationresidue
(ER) and fission fragment(FF) angulardistributionswere measuredor 14N at 35 and 100 on 154Sm,
159Th, 197Au and 130 A MeV on 1%4Smand1°’Au. Typical ER angulardistributionsare shownin Fig.
3.3-1. Theywerefitted andintegratedoverangleto get thetotal ER crosssection. Thetotal fission cross
sectionat a given energywasobtainedby transformingthe angulardistributionsfrom the laboratoryframe
to the moving framethatyields a symmetricangulardistribution,and thenintegratingit over angle. The
transformationrwas madeassumingthat the targetcapturesa fraction of the projectile (to simulatepre-
equilibrium particleemissionjandthenundergoesymmetricfission. Theratio of the massof the effective
projectile captured to thaf the projectilegivesus an estimateof the averagdinear momentuntransferred
(LMT).

The fusion cross section, taken as the sum dffhendER, is somewhatargeevenat the highest
energy. Thecritical ¢ valuesfor fusion, EL”S, determinedrom the sumof the ER and FF crosssections

increasevith bombardingenergyandconsiderablyexceedhe ¢ valuefor which thefission barriergoesto
zero(/g-, ~80). This might be troubling at first but we mustremembethatthe ¢ valuehererefersto

the angular momentum of the incoming partial wavefmmangularmomentundepositedn the composite
nucleus. Pre-equilibriumparticleemissionincreasesvith increasingpombardingenergyandis responsible
for loss of both linear and angularmomentum. One simpleway to look at this, althoughnot correctin
detall, is to askwhat is the maximumangularmomentumbroughtin by captureof that fraction of the
projectilefoundto accountfor the missingLMT. This turnsoutto give EL”S valueswhich arealwaysless

than Z; =0.

Thefissionfragmentfolding angles,(8, =67 +67 ) weremeasuredor thereactions25 A MeV

160 and 35 and 100 A MeV %N on four targets154Sm, 159Th, 181Ta and 1°7Au. A Monte Carlo
simulation,basedon a minimizationprocedurewasdevelopedo reproducehe experimentafolding angle
distributions and extract the mean LMT. Typical results for 25 A M&/on Ta are shown in Fig. 3.3-2.

The bombardingenergydependencef the LMT in fusion reactions expressedsthe ratio of the
observedcompositesystemvelocity to that expectedfrom completefusion, is illustratedin Fig. 3.3-3,
whereAu is excludedbecausef its high fissionability. The presentesultsarein goodagreementvith the
systematic®f Viola et al.2 notedby a full line. A dashedine wasusedfor highervaluesof E/A andit
overestimateghe experimentalalues. The LMT valuefor Au canbe comparedwith the averageLMT
measured for highly fissionable targets reported by Viatala goodagreemenis observed.Onecanalso
estimatethe LMT usingthe sourcevelocity and multiplicities deducedrom p, d, t, andalphaenergyand

*National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, MI.
tIndiana University Cyclotron Facility, Indiana University, Bloomington, IN.

FPresent Address: Battelle Memorial Institute, Columbus, OH.

8§Department of Physics, Old Dominion University, Norfolk VA.

INuclear Physics Laboratory Annual Report, University of Washington (1993) p. 10.
2DeSouzat al., Nucl. Instrum. Methods &95, 109 (1990).

3V.E. Viola, Jr., Phys. Rev @5, 178 (1982).

4V.E. Viola, Jr., Nucl. Phys. A02, 531c (1989).
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angulardistributions,obtainedas part of this experiment(see Section3.4). A preliminary calculation
agrees with the other values.

Thus a consistentpicture emerges,where as the bombarding energy increases,fusion-like
processescan occur for an increasingnumber of partial waves with Ef:“s well beyond the angular

momentumvaluefor which the fission barrier of the compositesystemgoesto zero. This occursbecause
the angularmomentumfinally appearingn the compositesystemis reducedby pre-equilibriumparticle
emissionto valueswhich the systemcan accommodatavithout instantly fissioning. The relatively large
fusion crosssectionsevenat bombardingenergiesexceedingl00 A MeV make possiblea number of
interesting experiments using fusion products as tags for central collisions.

Fig. 3.3-1. Angular distributions of evaporation Fig. 3.3-2. Experimental (circles) and
residues fot4N + 154Sm at three different simulated (full curve) FF folding angle
bombarding energies. distributions.

Fig. 3.3-3. Ratio of composite system
velocity to velocity for complete fusion
as a function of the square root of the
bombarding energy per nucleon.
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3.4  Propertiesof light charged particles produced by 25 A MeV 160 on *}Tb, ®'Ta, “Au
and 35A MeV 4N on "5 Sm, *'Ta

D. Bowman, G. Cron; R. DeSouzd,J. Dinius; A. ElmaanniD. Fox, C. K. Gelbke,
W. Hsi,” C. Hyde-Wrigh W. Jiang, W. G. Lynch,T. Moore! G. Peasle&D. Prindle
C. SchwarZ,A. A. Sonzogni, M. B. TsangR. Vandenbosch and C. Williams

As part of the experimentdiscussedn the previousarticle (seeSection3.3), we measuredight
chargedparticles(LCPs)in coincidencewith fission fragments(FF tag) or evaporatiorresidue§ ER tag).
The ER taggedeventswere from more central collisions than the FF taggedeventsand by varying the
targetmasswe changethe averagempact parameteover a large rangewhile changingthe total fusion
cross section only slightfy.

The FF, ER and LCP detection has been described previolsigfly, we measuréne LCP type,
energy and angle over about 70% of the solid angle with nearly complete covepagé/mexpectno FF-
LCP correlationbut someER-LCP correlationfor which correctionamustbe made. We arein the process
of using Monte Carlo techniques to verify that this correction works.

The taggedLCP energyand angulardistribution arefitted to a sum of three Maxwell-Boltzmann
distributions describing a projectile-like promptandan equilibriumsource. Eachsourceis characterized
by four parametersmultiplicity, temperatureCoulombbarrierandvelocity. We fix the projectile source
velocity at 85% of the beamvelocity. The promptsourcevelocity variesbetweer80 and40% of the beam
velocity andthe equilibrium sourcevelocity variesbetweenl and7% of the beamvelocity. The projectile
source and prompt source Coulomb barriers are poorly determinedby the data so are fixed at the
equilibrium sourceCoulombbarrier. The latter is consistentwith a simple calculationof the Coulomb
barrier. The temperaturedor protons,deuteronsand tritons are plotted in Fig. 3.4-1. We find for the
equilibriumcomponenthat T, <T, <T, whichis consistentvith the heavierparticlesbeingemittedearlier

in the de-excitationchain. The values of the multiplicities are in reasonableagreementwith other
experimentsWe seea substantialzariationdependingon thetagandwe are currentlytrying to understand
this.

Fig. 3.4-1. Temperaturedor FF taggedproton, deuteronand triton data. The vertical axis is the
temperaturdor slopeparameter)n MeV andthe horizontalaxisis the targetandbeamenergy. The three
left points are 25 A MeVW%0 data and the two right points are 35 A M&N data.

*National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, MI.
tIndiana University Cyclotron Facility, Indiana University, Bloomington IN.

FPresent Address: Battelle Memorial Institute, Columbus, OH.

8§Department of Physics, Old Dominion University, Norfolk VA.

ID. Prindleet al., Phys. Rev. @8, 291 (1993).

2Nuclear Physics Laboratory Annual Report, University of Washington (1993) p 10.
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35 Disappear ance of anisotropy in alpha-alpha azimuthal correlationsat 100 A MeV

D. Bowman;, G. Cron’; R. DeSouzd,J. Dinius; A. Elmaannj*D. Fox;f C. K. Gelbke, W. Hsi;
C. Hyde-Wright W. Jiang, W. G. Lynch,T. Moore! G. Peasle&D. Prindle, C. Schwarz,
A. A. Sonzogni, M. B. TsangR. Vandenbosch and C. Williains

Azimuthal correlationsbetweenlight chargedparticlesin intermediateenergyheavyion collisions
can have at least two origins. For pre-equilibrium particles the correlation may reflect dynamical
localizationeffectsin the early stage=f the collision. For evaporategarticlesthe correlationfunctionis
generally reflection symmetric about ninety degrees and reflects centrifugal effectsrduetationof the
evaporatingsource. A previous study of azimuthal correlationsbetweenalpha particles and fission
fragmentsshowedthatthis correlationweakenedsthe bombardingenergywasincreasedrom 20 to 50 A
MeV (see Section 3.3).

We have performed a preliminary analysis of azimuthal correlations far\26V 160 and35 and
100 A MeV 14N bombardmentof Ta. We have taggedthe impact parameterrange by requiring a
coincidencewith a fissionfragmentbut havenot yet usedthe directionof the fragmentto help establishthe
reactionplane. The correlationsshownin Fig. 3.5-1 are inclusive over alphaparticle energyand alpha
particle polar angle. It canbe seenthat the azimuthalcorrelationweakenswith increasingbombarding
energyandhasessentiallydisappearedt 100 A MeV. We planto further explorethis resultwith cutson
alpha energy and angle to emphasize separately the pre-equilibrium and evaporation components.

Fig. 3.5-1. Alpha-alpha azimuthal correlations at 25, 35 and 100 A MeV bombardment of Ta.

*National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, MI.
tIndiana University Cyclotron Facility, Indiana University, Bloomington IN

TPresent address: Battelle Memorial Institute, Columbus, OH.

8Present address: Department of Physics, Old Dominion University, Norfolk VA.
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3.6 Lifetime study via momentum correlation function

D. Bowman; G. Cron’; R. DeSouzd,J. Dinius; A. Elmaanni, D. Fox{ C. K. Gelbke, W. Hsi;
C. Hyde-Wright W. Jiang W. G. Lynch;, T. Moore! G. Peasle&D. Prindle, C. Schwarz,
A. A. Sonzogni, M. B. TsangR. Vandenbosch and C. Williarhs,

When two nuclei collide at bombardingenergiesover the Coulomb barrier but well below
relativistic energies aompoundhucleuscanbeformedvia fusion. Somelight chargedparticles(LCP) are
emitted before (pre-equilibrium particle emission) and after equilibrium (evaporation). Studying the
lifetime T for particle or fragmentemissionproducesnformationon the equilibrium and pre-equilibrium
partially thermalized nucleus. In this energy range the expected lifetime is in the rangé tof 10°% and
is too shortfor any kind of direct measurement.Sincewhentwo particlesare emittedfrom the nucleus,
they canbe very closeto eachother,the long rangeCoulombrepulsionand shortrangenuclearforce can
havean effect on their relative momentumwhich can be studiedby the momentumcorrelationfunction?
At nearbarrierenergief< 10 MeV/u) manystudieshaveshownthata thermalizedcompoundnucleusis
formed and decays via particle evaporation or fission. Several apprbaviebgendevelopedo compare
the measurectorrelationfunction to the onescalculatedby a reactionsimulation code. We adopteda
classical approach.We fix the size of the compound nucleus and use the time loketlagerthe emissions
asthedriving force of the correlation. We useda customizedversionof MENEKA,3 a statistical model
usingthe 3-body Coulombtrajectorycalculation to simulatethe LCP emission. We formed the excited
compositesystemas prescribedy projectile,targetandlinear momentumransferand randomlychoseE;
from the observedenergyspectrum. The delaytime betweentwo emissionss selectedandomlyfrom a
probability distributionof P(t) 0 e " After both particlesare emittedwe calculatethe 3-body Coulomb
trajectory and use the detector geometry as the acceptance.

We have extractedthe correlationfunction from the datawe got in the MSU experiment(see
Section 3.3). We report the results from analyzing the equilibrium deuteron-deuteroomomentum
correlations. We selectthe equilibrium deuterondy makingcutson their energiesand polar angles. Fig.
3.6-1 showsthat an exampleof a deuteron-deuteronorrelationfunction. It is clearthat the correlation
function lies in betweenthe two calculatedlines and we can thus concludethat the averagelifetime is
betweenthe times indicatedby theselines. Fig. 3.6-2 summarizeghe lifetimes for many systemsand
triggers. The estimatecerror hereincludesboth systematicerror and statisticalerror. Our resultsshow
that the averagetime delay betweentwo deuteronemissionsgets shorterwhen the bombardingenergy
increasesAlso whenthe averagampactparametedecreasefgoing from fission fragmenttrigger (FF) to
evaporatiorresiduetrigger (ER)], we expectlessenergygoesinto the rotationandthe nucleusgetshotter.
Thusthe averagdifetime becomeshorter. Also asthe massof thetargetgoesup, we expecttherewill be
more nucleons sharing the excitation energy and the average lifetime becomes longer.

*National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing MI.
tIndiana University Cyclotron Facility, Indiana University, Bloomington IN

TPresent address: Battelle Memorial Institute, Columbus, OH.

8Present address: Department of Physics, Old Dominion University, Norfolk VA.

1S.E. Koonin, Phys. Lett. B0, 43 (1977).

2A. ElImaanniet al., Phys. Rev. @7, 1321 (1993).

3A. Elmaanniet al., Nucl. Instrum. Methods &13, 401 (1992).
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Fig. 3.6-1. A deuteron-deuteroomomentumcorrelation function. The dotted line is a MENEKA
calculationwith T =1 x 1021 andthe dashedine is a similar calculationwith T =5 X 1022 Thedata
points have energy cut of € 25 MeV and polar angle cut 6f> 50°.

Fig. 3.6-2. Lifetimes from different projectile and targetcombinationsand different triggers. X hasno
specific trigger requiremend, requires an ER trigger anequires a FF trigger.
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3.7 APEX progressreport
T.A. Trainorand the APEX Collaboration

During 1993 a seriesof diagnosticruns on the partially completedAPEX spectrometemwere
carried out to determineefficiencies and resolutions. By late 1993 the secondarm of the APEX
spectrometehad beencompletedandtested. The secondcold nitrogencooling systemconstructedat the
University of Washingtomvasinstalledon this arm. During a runin Decemberwith APEX operatingn a
fully symmetric mode, about 600,000 positrons and 150,000 positron-electron pairs were accumulated.

Uranium beamsof up to 5 pna intensity and energiesof 6.1 and 6.3 MeV/u were incident on
tantalum targets.

Preliminary analyses of these data with various cuts on heavy ion kinematics have beeautarried
Comparisonof this analysiswith GSI results posessignificant questionswith regardto the relative
acceptancesf the variousexperiments. As a resultof detectorcalibrationprocedurest is unlikely that
differencesare dueto trivial energyresolutionconsiderations.Careful reanalysisof the relative accept-
ances is underway.

APEX wasdesignedo investigatein a kinematicallycompleteway the productionmechanisnfor
anomaloudepton-pairproductionin severalvery heavyion collision systemswherethe reportedanomaly
consistedof discretecomponentsn the invariantmassspectra. The initial resultsfrom APEX shift the
emphasis of this investigation to the task of confirmation or falsification of the reported anomaly.

For the caseof falsification oneis testingthe assertiorthat in somesubvolumeof the complete
parametespaceof the heavyion collision (heavyion kinematicsplus leptonpair kinematics)thereare one
or morelocalizedexcesse®sf lepton-pairyield abovea smoothly-varyingbackgrounddistribution or null
hypothesis. With finite statistical power (integrated beam-targetluminosity) and limited a priori
informationon the location of the specialsubvolume(spne mustbin the spaceoptimally, with a bin size
comparableto the expectedsize of the special subvolume. Then the test becomesa sequenceof
comparisonsof bin contentsto the correspondingoredictionsfrom the null hypothesis. If thereis no
significant difference then the assertion of yield excess is falsified within some confidence limit.

Failurethusfar to observesignificantpeakstructurein the positronsinglesor leptonpair spectra
may indicatethat the binning is not yet optimizedor that bins overlappingthe specialsubvolume(shave
not yet beensufficiently illuminated becauseof limited acceptance.Or it may meanthat the assertionof
excessyield is falsified within some limit. At this time there is sufficient uncertainty on several
methodological points to preclude a definitive statement.
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4. FUNDAMENTAL SYMMETRIES AND WEAK INTERACTIONS

4.1 Measurement of the —a angular correlation in the decay ofLi

E.G. Adelberger, J.F. Amsbaugh, P. Chan, L. De Braeckeleer, P.V. Magnus, D.M. Markoff,
D.W. Storm, H.E. Swanso#.B. Swartz D.Wright and Z. Zhao

The measurement of tfe—a correlation irfLi is part of aprecisiontestof the Conserved/ector
Current(CVC) hypothesisanda searchor SecondClassCurrents(SCC)in the A=8 system consistingof
8Li, 8Be and®B.1 A high precision test of these fundamental symmetries is of interest theatdicipated
breakingof isospinsymmetrycreatedby the differenceof the up anddown quark masses. To testthese
symmetries requires the measurement ofithk@ angular correlation ifLi and®B, andthey —ray decay
of the isobaricanalogstatein 8Be. They —ray measuremenis describedelsewhergseeSection4.2).
During the pastyearthe apparatugo measurehe betadecaysvascompleted. After numerousshorttest
runsto debugthe apparatusa high-statisticaneasuremertf the § —a correlationin 8Li wasundertaken.
Data were taken during a one-weekrun in August and a three week run in Novemberduring which
approximatelyl00 million decayswere detected. The measurementf the f —a correlationin 8B awaits
the completion of a high intensifle source which is planned for next year.

The apparatusiesignwas optimizedto reducesystematicerrors,from 3 particlesscatteringand
[ detectorresponse. The apparatusconsistsof a production chamberfrom which the activity is
transportedon the end of a 75 cm long rotating arm to the middle of the countingchamber. The 8Li
activity is producedvia the reaction’Li(d,p) at an energyof 1 MeV. The targetis a rotating wheel of
900" g/cn? nickel onto which 200 pg/cn? "LiF is evaporated. The recoiling activity is caughtby a
100'u g/c? naturalcarboncatcherfoil thatis locatedright behindthe targetandis attachedo the end of
the rotating arm. The arm rotates180 degreesevery two secondsplacing the activity in the counting
chamber. The detectorcomplemenincludesfive betadetectorsthreegasalphacountersand onesilicon
counterfor alphadetection. The betadetectordie in a planewith two of the alphacountersthe alpha
counters are at 0 and 180 degraedthe betacountersat 30, 60, 90120and150degrees.The othertwo
alpha detectors a@ pointsperpendiculato this plane. Thesealphadetectorsaareusedto crossnormalize
andcalibratethe betacounters. The 0 and180 degreealphacountersarethenusedto measurghe angular
correlation. The betadetectorsonsistof a thin (1.5 mm) detectorandE counterwhich is surroundedy a
veto. All 3 componentsare NE104 plastic scintillator. The betacounterphototubesare stabilizedwith
referencdo a LED. Thealphacountersarelow pressureggaswire chamberdasedon a designby Breskin
et al.2 Theyare20cmin diameterand62 cm from the catcherfoil. Energyof thea particlesis obtained
by time of flight. Events which are coincidences between a beta and an alpha counter are recorded.

Due to the high statisticsand large numberof parametergor an eventthe offline dataanalysis
sortingis performedon the NPL Digital EquipmentCompanyAlpha computer the only computerat NPL
that can performthe taskin a reasonablé¢ime. Preliminaryanalysishasbeencompletedand resultsare
encouraging. The error after the last datataking runsis dominatedby statisticalerrors, the systematic
errors are estimatedto be three times smaller than the statisticalerrors. The calibration of the beta
countersusinga coincidentalphain the silicon detectowhich is usedto obtainthe endpointenergyworks
extremelywell and givesa betadetectorcalibrationaccurateto 1%. The dataanalysisis expectedo be
completed by summer.

INuclear Physics Annual Report, University of Washington (1991) p. 31.
2A\. Breskinet al., Nucl. Instrum. Method£21, 363 (1984).
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4.2 Radiative decays of the 16.6, 16.9 MeV doublet fiBe

E.G. Adelbergeri.. De BraeckeleerJ.H. GundlachM.S. Kaplan; D.M. Markoff, A.M. Nathan{
W.R. Schieff K.A. Snover and D.W. Storm

As part of an improvedtest of CVC and a searchfor secondclasscurrentcontributionsin the
mass-8(Li,8Be8B) system,we havemadean improved measurementf the radiative propertiesof the
isospin-mixed2*(16.6, 16.9 MeV) analogdoubletin the “He(c,y )8Be reaction. The motivation stems
primarily from the possibility of observinga spurioussecondclasscurrentcontributiondue to the mass
difference of the up and down quarks.

In our experiment,a 34 MeV alpha particle beamfrom the tandem-linacbombardeda small
cylindrical “He gascell with 0.3 mil Kaptonentranceandexit windows. Gammaraysweredetectedn the
large Nal spectrometer. Time-of-flight with respectto the linac RF was usedto eliminate neutron
background.In orderto eliminatebackgroundyamma-ray contributionsfrom the Kaptonfoils, difference
spectraverecomputedby subtractingrom thefull targetdatarunsin which the He gaswasreplaced by
H, gasat a pressurecalculatedo producethe sameenergylossasthe heliumdid. The beamenergywas
monitoredby measuringhe elasticscatteringrom a gold foil which wasinsertednto the beamin between
gascell runs. An excitationcurve over the resonanceloubletwas measuredat 8, = 90°, and angular

distributions were measured 6, = 45, 90,140° nearthe peakof eachresonance.The detectorefficiency
was determinedrom a measuremendf the 12C(py ) reaction. The combineddataset (excitationcurve
plusangulardistributions)for decayto the 2+(3.0MeV) final statewasfitted with an expressiorbasedon
a two-level R-matrix formula of Barker?! In this fit, the energiesand widths of the doublettogetherwith
the isospinmixing werefixed basedon the resultsof previousexperimentsandthe only free parameters
were the four radiative decaywidths, correspondingo isovectorand isoscalarM1 and E2 decay. The
results of the fit are I (M1,T=1)=2.8£0.2"V, & [ (M1, T=0)/[ (M1,T= 11¥2=+0.06+0.02,
3,=[r, (E2,T=1)r, (M1,T=1)]¥2=+0.01+0.03, and,=[r, (E2,T=0)I", (M1,T=1)]*/2=+0.22£0.04. Our
observatiorof aweakE2 T=1 decay(d,) is in disagreemenwith earlierwork,? andis in goodagreement
with theoreticalcalculations. Our valuefor ¢ ; alsoimplies thatcontributionsto the8Li - 8B beta-alpha
correlationfactor d - which are quadraticin the betaenergyare small. Our value for I, (M1,T=1) is
substantiallysmallerthanthe values3.6+ 0.3 eV, 4.1+ 0.6 eV obtainedfrom a reanalysisof the resultsof
references And3, respectivelyusingour valuesfor 8, andd ,. Ourvalueof I', (M1,T=1) togethemwith
CVCimplies(MyEg)d - [17.0+0.2,whereMp, is the nucleonmassand E is the B energy. This value
may be compared with the values deduced fronBtha correlation,of 7.0+0.5° and6.5+0.24 Ground-

state(E2) decayswereobservedrom both resonancesyith relative strengthsvhich imply a decaythatis
either mostly isoscalar or mostly isovector.

*Present address: University of Washington Medical Center, Department of Radiology, Seattle, WA.
tPresent address: University of lllinois, Nuclear Physics Laboratory, Champaign, IL.

FPresent address: University of Washington, Department of Bioengineering, Seattle, WA.
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4.3 GT and M1 strengths in8Li, 8Be and®B
L. De Braeckeleer and. Wright

In order to extract CVC-violating terms due to secondclass currentsfrom (3 —a angular
correlationmeasurementsndertakerby the mass-8collaborationhere,it is necessaryo haveindependent
measurementsf the Gamow-Telle{GT) strengthfunctionsfor the betadecaysof the groundstatesof 8Li
and®B to 8Be, and of the isovectorM1 electromagnetidecayof the 16 MeV doubletin 8Bel We have
undertakenexperimentsto measurethesequantitiesand have developeddata analysis software which
allows us to interpret the results accurately.

Thetwo GT strengthsvere measuredn an approximatelytwo weekrun. The mass-8apparatus
wasusedto produceiLi and8B, whosedecayswereobservedy a silicon counterin closegeometry. The
silicon countermeasuredhe energy spectrumof alpha particles producedin the disintegrationof the
daughtemucleus®Be. From momentumand energyconservationgachalphaparticle producedin a 8Be
disintegratiormustcarry half the energyreleasedignoring the recoil from betadecay). The alphaparticle
energyspectrumthusgivesthe relative probabilitiesof betadecaysto different excitationenergiesn 8Be.
The time of each event relative to the apparatus arm rotation was@sded. A decayingexponentiafit
to the time-of-eventspectrunyieldedhalf-livesfor 8Li and®B of 842+ 3 msand 767+ 2 ms, respectively.
These values agree with the accepted valoe838+ 6 ms and770+ 3 ms.

A samplealphaenergyspectrumis shownin Fig. 4.3-1. The low-energypeakrepresent&nergy
depositedn the silicon counterby electrons. To correctfor this backgroundwe subtractedrom this raw
spectruma spectrumgatedon late eventsand scaledby the relative widths of the two gates. This
technique, which subtracts events due to deaatyslifetimesliong comparedo thoseof the mass-&uclei,
reduced the height of this low-energy peak by an order of magnitude.

We were able to extract the GT strength function from these alpha energy sftbhcirmaccuracy
of 0.5%. To achievethis accuracywe first correctedthe measuredspectrafor alphaenergylossin the
foil.# We thendivided out the integratedohase-spacfactor, correctecby accuratelycomputed=ermp and
order¢x radiativé correction factors, and foron-GTcontributions’ The correctionsor Fermi, radiative,
andnon-GT effectswerefound to alter the extractedGT strengthby ~10%,~1%, and~1%, respectively.
The extracted GT strength féiri decay is shown in Fig. 4.3-2.

Employinga nonlinearleastsquareditting routine,we performedan R-matrix fit8 to the extracted
GT strength. Allowing contributions from the 3 MeV &tate and the 18leV 2% doubletwith energyand
width fixed by previousexperiments, and without an intruder state,we obtainedfair agreementvith the
data:for 8Li decay,x” /v = 2.9 with 3 MeV stateparameter&, = 3.14+0.07MeV, andy , = 32.2+1.6
KeV1’2, andfor 8B decay,x” /v = 2.7 with E; = 3.18:0.04MeV, and y3 = 328+ 0.7KeV¥2. Thebest
fit to the extracted GT strength is superimposed on Fig. 4.3-2.

We havealso completeda preliminary run in which the photonspectrumfrom 4He(co, cry) was
observedasthefirst stepin extractingtheisovectorM1 decaystrengthfunction of the 16 MeV 2+ doublet

1L. De Braeckeleer, Phys. Rev46, 1935 (1992).

2L. De Braeckeleer, Nuclear Physics Laboratory Annual Report, University of Wash{f§&) p. 29.

3F. Ajzenberg-Selove, Nucl. Phys.480, 1 (1988).

4L.C. Northcliffe and R.F. Schilling, Nucl. Data Tabkg, 33 (1970).

5H. Behrens and J. Janecke, Numerical Tables for Beta-Decay and Electron Capture, Landolt-Bérnstein Numerical
Data and Functional Relationships in Science and Technology, New Series, Springer-Verlag (1969).

6A. Sirlin, Phys. Rev164, 1767 (1967).

’F. P. Calaprice and B. R. Holstein, Nucl. Phy278 301 (1976).

8E. K. Warburton, Phys. Rev. &3, 303 (1986).
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in 8Be. Becauseheisotripletpartof this doubletis the analogof the 2+ groundstatesof 8Li and®B, this
strengthis relatedto the GT strengthdiscussedaboveby CVC. In thesemeasurementsye employeda
Compton-shieldedl0" x 15" Nal spectrometerat 90° and a gas cell target with Kapton windows,
sufficiently long (~ 35cm)that photonsoriginatingin the centerof the gascell could be distinguishedrom
neutronsoriginating in the windows by employinga pulseda beamand a time-of-eventgate. Further
backgroundeductionwasachievedoy replacingthe “He in the gascell with 1H at a pressuredesignedo
matchthe a energy-lossn the helium, and subtractingthe hydrogen-targephoton spectrumfrom the
helium-target spectrumT his techniquesignificantly reducesackgroundrom o particleinteractionswith
thewalls of the gascell at the high endof the photonenergyspectrumput wasfoundto be insufficient for
low photon energies.

Fig. 4.3-1.8Li raw a energy spectrum.

Fig. 4.3-2. 8Li GT strength.
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4.4 Construction of an apparatus to measure the PNC spin rotation of cold neutrons in a liquid
helium target

E.G. Adelberger, B.R. Heckel, S.K Lamoredux.M. Markoff, H.E. Swanson and Z. Zhao

Our apparatugo measurehe parity non-conservingPNC) spin-rotationof transverselypolarized
neutrons through a liquid helium target is under construction. The goal of this expésitneneasureghe
predicted neutron spin rotation of ~2¥1fadian$2 in our 46 cm long target chambers with an eofdess
than 3-10® radians. This observablés sensitiveto the isovectorpion-exchangemplitude, F,, which is
sensitiveto the neutral current contributionto the weak interaction meson-exchanggotential between
hadrons. This experimentis motivated by the discrepancybetweenthe experimentallimits and the
theoretical calculations df, which differ by a factor of three.

Oxford Instrumentsinc. has delivered a cryostat built to our specificationsthat contains a
horizontalcentralcold bore at liquid helium temperaturesnto which we will mountour insertcontaining
the liquid helium targets, the target-gas transfer system, and the singlementail. We haveestedthe
cryostatat cryogenictemperaturewith mostly favorable results; the few minor difficulties are being
worked out in cooperation with Oxford Instruments.

The experimentasa split neutronbeamandfour targetchambers.We will alternatelyfill two of
the four chambersso that eachbeampasseghroughonefull and one emptytargetchamber. The target
chamberswill be cycled approximately12 times per hour, using the liquid helium from a reservoir
containedwithin our cold-boreinsert. To achievethis, a valve and pumpsystemhavebeendesigned. The
valveis a two piece,tapered stop-cockdesignwith rotationalsettingswhich allow thefilling anddraining
of eachsetof chambers.The valveis constructedf aluminum,with the mating surfacescoatedwith a 1
mil thick layer of teflon to assurea slipperysurfaceat liquid heliumtemperatures.Prototypeversionsof
the valve andpumphavebeenbuilt andwill soonbetestedfor performanceandlongevity undercryogenic
conditions.

A prototypedetector,a segmentedonization chamberrun in integrationmode, has beenbuilt.
Testingof this prototypewill beginsoon,to determinehe optimummixture of argonandhelium-3andthe
subsequenigas pressure,and physical dimensionsto reduce the wall effects. Simultaneously,the
supporting electronics will be tested forégpabilityto integratethe countrate (108 neutrongper seconcat
the NIST reactorin GaithersburgMaryland) with a noiselevel of one part in 10%, setby the goal of
keeping systematic errors at the level 010

Otherpartsof the apparatusinderconstructionincludethe coaxial i -metalmagneticshieldswith
end-capshatsurroundthe cryostat. The estimatedaxial shieldingfactoris betterthan100, asdetermined
by calculationsand preliminary measurementseforeannealingand degaussinghe material. The 1t-coil,
described in a previous Annual Repbis,under construction. The complejgparatushouldbe built and
tested by January 1995, when our scheduled beam time begins.

*Department of Physics, University of Washington, Seattle, WA.
1y. Avishai, Phys. Lett. 12 311 (1982).
2V.F. Dmitrievet al., Phys. Lett125 1 (1983.) with best value cf;r reduced by a factor of 3.

3E.G. Adelberger and W.C. Haxton, Ann. Rev. Nucl. Part. Bi501 (1985).
4Nuclear Physics Laboratory Annual Report, University of Washington (1993) p. 29.
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4.5 The electron-neutrino correlation in pure Fermi transitions

E.G. Adelbergeand B. Monteyne*

The electron-neutrin@orrelationin betadecaydirectly andunambiguouslyeflectsthe spin of the
exchangegarticlethat mediatedhe decay. It is well known thatthis spinis one,andthatthe exchanged
particleis the W. However,the very feeblenes®f the weakinteractionmakesit an interestingprocesgo
probefor new physics,suchas possibleultra-massive chargedscalarparticlesthat could be exchanged
insteadof the well-known W boson. We recently showed that isospin-forbiddenbeta-delayedroton
emissionin pure Fermidecaysprovidesa sensitiveprobefor the exchangeof chargedscalarbosonswith
massesp to threetimesthe W mass. Thesedecaysprobethe electron-neutrinaorrelationby measuring
the effect of the lepton recoil on the energy of the subsequently emitted delayed proton.

In preparationfor an approvedexperimentto study 3?Ar decayat ISOLDE, we have made
improvedcalculationsof the expectedineshape®f the delayedprotonsemittedin Fermitransitions. We
have, for thdirst time, madepredictionsin which the recoiling nucleusandthe subsequentelayedparticle
are treatedrelativistically and take correctaccountof eventswherethe betaand the associatedielayed
particle are detectedn the samecounter. We alsoinclude a realistic responsdunction for the delayed
particle detector. A code runniog IBM compatiblePC'shasbeenwritten thathasan accuracysufficient
to seea 102 effect on the electron-neutrinaorrelationcoefficient, which is more than adequateor our

planned experiment.

*CERN summer student from Ghent, Belgium.
1E.G. Adelberger, Phys. Rev. LeTD, 2856 (1993).
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4.6 New tests of the Equivalence Principle
E.G. Adelberger, M.G. Harris, B.R. Heckel andSu

We havetestedthe Weak EquivalencePrincipleusingthe E6t-Washrotatingtorsionbalance. Our
dataanalysismethodhasbeenmodified to give bettertreatmentof tilt andturntableimperfections. With
this analysis and additional data, we have improved our Be/Al and Be/Cu results to

= (~0.2+ 28 x10°% andwz (1925 x107%2

Aa(Be-Al)
a

where Aa(A - B) representghe horizontal differential accelerationof bodiesA and B in the northerly
direction.

During last year, we also took datawith a Cu and Si/Al testbody pair. The Si/Al test bodies
consistedof perfectsingle-crystalSi cylindersinside Al shells. The compositionof thesetest bodiesis
similar to that of the moon, while the compositionof Cu is similar to that of the earth'score, so by
comparingthe acceleration®f the Cu and Si/Al bodiestoward the sun, we set an upper limit on the
differential earth-moon acceleration toward the sun due to composition-dependent interactions:

Aal:omp -

-16+22 x10™"
Gsun ( 2

This result, togethewith the latestlunar rangingresults! testedthe EquivalencePrinciplefor gravitational
binding energy at the level of 5 parts in 1000.

Cu--Si/Al resultsalsotestedWeber'sclain? that solar neutrinosscatterectoherentlyfrom single
crystalswith cross-sections1(? timeslargerthanthe acceptedralues. We placea 20 upperlimit on the
neutrino scattering cross-section that is 530 times below Weber's claim.

We demonstratedur sensitivity to small signalsby creatinga weak Q,, field (seeour previous
publicatior? for definition) that shouldproducea 4w signalwith anamplitudeof 38 nrad. A 1w signal of
this amplitudewould correspondo an EquivalencePrincipleviolation of CnC=2.1x10"1%, consistentvith
the null resultof Roll, Krotkov and Dicke? We extracteda 4w signal of (44+8) nrad (Fig. 4.6-1), in
excellent agreement with the expected value.

A paper reporting our latest results has been submitted to Phys. Rev. D.

1J.0. Dickeyet al., Science, to be published.

2]). Weber, Phys. Rev. B8, 32 (1988).

3E.G. Adelberger, Phys. Rev.42, 3267 (1990).

4P.G. Roll, R. Krotkov, and R.H. Dicke, Ann. Phys. (N.X6) 442 (1964).
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Fig. 4.6-3. Demonstrationof our experimentalsensitivity using a Q,, source. The plot was madeby
subtractingsource-outdata from source-indata and binning the resultsin @. Fiber drift has been
subtracted. The curve showsthe bestfit 4w signalwhich agreedwell with the expectedamplitudeand

phase.
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4.7 Design of a new EoOt-Wash rotating torsion balance
E.G. AdelbergerJ.H. Gundlach, M. Harris, B.R. Heckel, Y. Su and H.E. Swanson

With the Equivalence Principle results reported elsewhere in this repbewegessentiallyreached
the sensitivitylimits of our currentrotatingbalance. We are now designinga newrotatingtorsionbalance
that we expeawill havel00timeshighersensitivity. We areattemptingto improvesystematierrorsby a
similar factor, but can only tell if this latter goal is successful after we operate the new instrument.

The sensitivityimprovementwill comefrom increasingthe fiber length by a factor of three,and
increasinghe Q of the torsionoscillatorby morethana factor of 1000by operatingat a vacuumof 10~/
Torr. Theinstrumentwill beplacedin a newsitein the cyclotronvault thathasa strongersourcestrength
for Yukawa interactions with ranges up to 10 m.

Systematicerrorswill be minimized by a very high-quality air-bearingturntablewith an eddy-
currentmotor fed backto an Inductosynanglemeasuringdevice. The instrumentwill be attachedo the
turntablewith a gimbal sothatit will hangfreely. Theseimprovementshouldgreatly reducesystematic
errors from turntable imperfectionsand tilt. The gravity-gradienterrors will be minimized by new
pendulumdesignthat gives better reproducibility of the test-bodyplacementsand new gravity-gradient
compensators that are farther from the pendulum and have improved design and tolerauatukgonthe
site for the new balanceis well below the soil surface;this will reducethe variationsin the Q,; gravity

gradient from rainwater soaking into the ground that were observed with our existing E6t-Wash balance.

This project involves a substantialengineeringeffort becausethe size of the instrument(total
height of over3.5m) andits location(to minimize the laboratorygravity-gradienatnd maximizethe source
strengththe instrumentwill be placednearthe hill-facing wall of the cyclotronvault with the upperfiber
attachment point about 5 m above the floor).
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4.8 New constraints on composition-dependent interactions with ranges down to 1 cm
E.G. Adelberger].H. GundlachM.G. Harris, B.R. Heckel, G.L. Smith and H.E. Swanson

Another measurementycle with our rotating-sourceorsion-balanckwas completedto set new
limits on fundamentalcomposition-dependemteractionswith ranges,A , downto 1 cm (m, = 20ueV).
We compareddifferential acceleration®f Pb and Cu testbodiestowardsa threeton uraniummassthat
rotatesslowly aboutthe torsion pendulum. The choiceof testbodiesand sourcemake our measurement
particularly sensitiveto interactionscoupledto the third componenbf isospin,l;, but establishnew limits
for couplings to baryon number, B and lepton number, L as well.

Sinceour resultsreportedn lastyear'sannualreportwe havereducedhe thermalstatisticalnoise
drastically by operatingat a higher vacuumof 106 torr. We also reducedthe detectornoise of the
autocollimatory usinga laserdiode. The pendulumbodywas modified with eightsmalltrim screwsthat
allowed us to tune out stray gravitationg| gnd ¢, moments.

Data were takenfor aboutone month, during which we orientedthe compaositiondipole in two
different directionswith respectto the pendulumtray, rotatedthe sourcemass180° with respectto the
turntable,and reversedthe pendulumwith respectto the vacuumcan. A pendulumdeflection at the
rotation frequencyof the sourcewith the proper phasefor a new interaction was observedwith an
amplitude7.5+ 2.6+ 4.0 nrad. Thefirst erroris statisticalandpresents threefoldimprovementover our
previous measurements. The systematic error reflects uncertaintiesarising from a slight radial
misplacemenof thetestbodiesaftera testmassinterchange.Thesechangethe stray ¢, andds; moments
of the pendulumwhich coupleto the Q5; andQg, sameordersourcefields. We alsoobserveca signal of
11 nradthatwasuncorrelatedvith the compositiondipole flip. We attributethis "offset" to gravitational
couplingbetweerresidualimperfectionsn the pendulumbody (g5, andgs,) which coupleto stray Qg and
Qs fields of the source.

We have now rebuilt our sourcemassto eliminate the Qs field by design;this allows us to
accurately tune out the stray, field. With thisimprovementve hopeto reduceour sensitivityto thetest-
body placement errors. Furthermore we expect this to reduce the "offset".

Our limit on the strengtR of an interaction coupled to a charge q, =B -2L)//5 is
a5 =-0.9+ 03+ Q5for A =1 cmandag = (-9£3+5) x 10° for A > 1 m. We interpretthemas null
results.

With the improvements mentioned above we hope to ultimately achmmesitivity 10 timesbetter
than the results reported here.

INuclear Physics Laboratory Annual Report, University of Washington (1993) p. 26.
2gsandd ¢ are defined in Phys. Rev.42, 3267 (1990).
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4.9  Study of an isospin-forbidden0* — 0" transition in 38™K decay

E.G. AdelbergerA. Garcia, H.E. Swanson, the Strasbourg group of G. Walter and the ISOLDE
group

The least-studiectorrectionthat must be appliedto infer the vector coupling constantfrom the
ratesof 0t — 0" Fermitransitionsis the reductionof the nuclearoverlap becauseof charge-dependent
configurationmixing. The reducedoverlap diverts someof the Fermi strengthfrom the superallowed
transition into isospin-forbidded* — 0" branches.We are studyingtheisospin-forbidderFermidecayof
38mK to the 3377 keV level in 38Ar because€8™K decayis expectedo havethe largestor second-largest
charge-dependemtixing correctionof any of the decaysusedin determiningGv. Charge-dependestell-
model calculations by Alex Browpredictthatthe strengthof the superallowedransitionis diminishedby
0.11%, and that the isospin-forbiddentransition has a branchingratio of 6x10%. Towner, Hardy and
Harvey? predict a larger value af 1075,

We used the Strasbourgtape-transportsystem and the ISOLDE isotope separatoron the
PS/BOOSTERat CERN to producea sourceof 38K and38K. The pulsednatureof the proton beam
allowedus to optimizethe yield of the 925 ms38™K activity comparedo the 7.63 min 38K activity that
generatedh backgroundof 2168 keV y —rays. 1209 keV gammarays from the decayof the 3377 keV
level of 38Ar were detectedn a large-volumeGe detector. The Ge detectorwas gatedby a coincidence
with a thin plastic scintillator that required the positron to travel away from the Ge detector andyetoed
second plastic scintillator that rejected events where the positron scattered back into the Ge detector.

A preliminaryanalysisof the datagivesan upperlimit of 1x10° on the isospin-forbidderbranch.
Our result idimited by a backgroundrom the Comptontails of the2168keV y 's. We hopeto repeatthis
measurement with a Compton-suppressed detector.

1B.A. Brown, private communications (1993).
2]).C. Hardyet al., Nucl. Phys. A509, 429 (1990).
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5. ACCELERATOR MASS SPECTROMETRY
T.A. Brown,G.W. Farwel] and P.M. Grootes
5.1 Performance of the FN tandem-based AM S system

We reportedastyeaf thatthe typical measurementncertaintyfor a routine determinatiorof the
14C/13C ratio of an approximatelymodern sampleis +0.7%, and that less than +0.3% of the 1o
uncertaintyin suchdeterminationgannotbe accountedor by countingstatistics. The absoluteaccuracy
of themeasurement® betterthan+0.5%is borneout by measurementsn secondanstandardg$or which
consensuslata are available from both -countingand AMS laboratories. Recentmeasurementsn

samples5000 to 8000 yearsold have exhibitedtypical 1o uncertaintiesof £50 to 100 years(+0.6 to
1.3%). Further details are given elsewttete.

52 Coral studies

Resultsof our study of the intra-annualvariability of the radiocarboncontentof coralsfrom the
Galapogoslislands,in which we observedan ENSO (El Nifio/SouthernOscillation) effect, have been
published!

53  AMS!C dating of pollen from lake sediments and peat deposits

A very brief preliminary discussionwas given in last year's Annual Report. We have now
completedthe measurementf purified pollen samplesand certainother samplesrom lake sedimentand
peat corestakenfrom lakes and bogsin northernCalifornia, the Pugetlowlands, the eastside of the
Cascade mountain range, and southern Vancouver Island (Canada).

Sampleswere taken from both above and below the "Mazama ash layer", a well-known
chronostratigraphimarkerresultingfrom the catastrophieruptionof Mount Mazamathat formed Crater
Lake, Oregon,about7000yearsago. In preparatiorfor the extensionof our studyto the Arctic regions,
wherethe organiccontentof lakesis typically lower, we havealso measuredsamplesrom a core taken
from Lake Minakokosa, Alaska. Our principal efforts will now be diretdedirda studyof the migration
of alder and spruce in Alaska following the recent glacial period (the early Holocene).

The resultsof the Mazamaashstudy demonstratéhe reliability and reproducibility of 4C dates
determinedoy AMS analysisof samplesof pollen extractedfrom sedimentcoresusing the procedures
developedhereover the pastseveralyears3:®> Excellentagreements obtainedbetweenagesdetermined
from pairs of samplesdevelopedrom the material,and betweenagesof different pollen (size) fractions
from the samematerial. Our bestdatefor the Mazamaeruption, determinedfrom coresfrom the four
similar lakeswherean intact Mazamaashlayer exists,is 6898+35BP (radiocarboryearsbeforepresent).
This is to be comparedwith 6840+50BP from what is generallyregardedas the most credible previous
determination, and with the general range of prior determinations (6600 to 7100 BP).

INuclear Physics Laboratory Annual Report, University of Washington (1993) pp. 32-35.

2T.A. Brown, G.W. Farwell, and P.M. Grootes, Proceedings of the 6th International Conference on Accelerator
Mass Spectrometry (1993), Nucl. Instrum. Methods B (in press).

3T.A. Brown, Ph.D Dissertation, University of Washington (1994), in preparation.

4T.A. Brown, G.W. Farwell, P.M. Grootes, F.H. Schmidt, and M. Stuiver, Radiocagga)) 245 (1993).

5T.A. Brown, G.W. Farwell, and P.M. Grootes, research paper presented at the NSF-sponsored 1st Annual PALE
(Paleoclimate from Arctic Lakes and Estuaries) Research Meeting, Boulder, CO, Feb. 3-4, 1994.
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Systematicappareniagedifferences(up to severalhundredyears)are observedbetweensamples
derivedfrom sedimentgust aboveandthosejust below the ashlayer; thesecan be largely understoodn
terms of a model that allows for bioturbation effects in the sedimentsfollowing deposition. AMS
measurementmade(asa part of this study) on samplegpreparedy the simple methodtraditionally used
for 14C datingby B-countingdemonstrate¢hat such"bulk carbon"samplesmay yield datesthat arein
error (usuallytoo young)by asmuchas1000yearsat an ageof 6000to 8000years. Theseresultsraise
strongdoubtsasto thereliability of many 3-countingdatesand,aswell, of AMS datesobtainedfor "bulk
carbon"samples. The pollen extractionprocedureusedherealso evidently eliminatesone traditionaland
quite seriousproblem,the "hard water" effect of dissolvedcarbonateshat canleadto erroneouslyold age
determinations.The Mazamaashresultsalsosuggestautionin the interpretationof 14C datesfrom peat
cores as well as from macrofossils,which may sometimesbe displaced stratigraphically by post-
depositional processes.

Finally, the resultsobtainedfor the Lake Minakokosastudy show that essentiallypure pollen
fractionscanbe extractedrom the low-organic-carborsedimentsf Alaskancores. The AMS 14C dates
obtainedfor suchpollen fractionshaveallowed an accuratedeterminatiorof the agesat which alderand
spruce first appeared in the Lake Minakokosa area; thus, we have cortipditesti stageof our effortsto
determinethe patternand the timing of the migration of alder and spruceacrossAlaska in the early
Holocene (about 10,000 to 5,000 years BP).

This researchs fundedin part by an NSF grantto P.M. Grootesand G.W. Farwell underthe
Paleoclimaterom Arctic Lakesand Estuariesinitiative of the ARCSS Program(Grant No. ATM 91-
23963).
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6. MEDIUM ENERGY

6.1 Sear ch for narrow resonancesin p,2p scattering
The E627 CollaboratidrandW.G. Weitkamp

Many previous experimentshave provided some evidencefor narrow resonancesn the p-p
systemt A plethoraof resonancesave beenreported,but few have beenparticularly well established.
The preseniexperimenis a searchfor narrowresonances) p,2p scatteringon nuclei, usingthe 500 MeV
polarized proton beam at TRIUMF.

The setupis shownin Fig. 6.1-1below. A total of 16 Nal detectorsl50 mm thick view a line of
four targetsof CH,, Al, CuandCu. Plasticscintillator deltadetectorslO mm thick, a pair of X-Y wire
chambersearthe Nal detectorsand a pair of wire chambersearthe target provide good background
rejection with large solid angles and high counting rates.

An initial datataking run washeldin 1992 and the datawere subsequentiyanalyzed. Several
factors made this data somewhatunreliable, however. Air scatteringcontributedsignificantly to the
background. Consequently, a large number of non-significant events were inclutiedatatapes. Also,
gain shifts in the photomultipliers made energy calibration of the detectors problenfadéiakidid appear
in somedetectorsput the precisionwasinadequate. TRIUMF madean additionalthreeweeksof beam
time availablein February1994. The apparatusvas reassembledavith severalimportantmodifications.
First, the targetswere placedin a vacuumchamberto reducethe effects of air scattering. Second,
hodoscope thevicinity of thetargetswasreplacedwith positionsensitivewire chambersandthird, light
emitting diodeswereinstalledon the phototubego enabledrifts in gainto be monitoredand correctedfor.
In addition, the detectors were calibrated using elastic proton scattering from deuteropsarg€ls.

During the February1994 run, approximatelyl(® triggerswere recordedan order of magnitude
more than during the previousrun. The efficiency of the detectionsystemappearsto be substantially
improved. These data are presently being analyzed.

Fig. 6.1-1. Detector array
for the E627 experiment.

*Dubna, Tashkent, TRIUMF and the University of Washington. Spokespersons: V.A. Nikitin, Dubna and B.S.
Yuldashev, Tashkent.

1See for example, Yu.A. Troyan, Phys. Part. NR4).294 (1993).

2Nuclear Physics Laboratory Annual Report, University of Washington (1992) p. 42.
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6.2 Photoproduction of Tt* on tar gets with masses spanning the periodic table
H. Caplan, K. Fissun, |. Halpern, D.P. Rosenzweid).W. Stormand J. Vogt

As reported previouslywe have measurespectreof 1* photoproducedn H, C, Ca,Sn,andPb.
Taggedphotonswere used,with energiesfrom 179to 217 MeV. The measuremente/ere madeat four
anglesusing plastic scintillator telescopesand positive pions wereidentified by detectingthe muon from
the pion decay.

Last yearwe reportedthat we were having difficulty obtaininga sensibleabsolutenormalization
for the crosssectionsthat we obtainedfrom our pion photoproductiordata. Subsequentlyve found an
error in part of the efficiency determination. This error had little impact on the results presented
previously,becauseheyweregiven asratiosof crosssectiongor nuclearpion photoproductiorio thaton
a nucleon. We measuredoth thesequantities,and the efficiency error largely canceledout in the ratio
determination. Also, our calculationsof nuclearcrosssectionsinvolved quasi-freemodelswhich were
basedon a particularformulationfor the free pion photoproductiorcrosssection,andby taking ratioswe
were able to minimize our dependence on this particular model. Nevertheless, it is indeedtpadsdule
absolutecrosssectionsusingtaggedphotons,andit is reassuringo find thatwith careful attentionto the
efficiencieswe obtain crosssectionsfor 1" photoproductioron the proton that generallyagreewith an
existing parameterizatinwhich hasbeenfoundto represenvariousmeasurementst the 10 to 20%level.
Our revised results fad(y, ") are shown along with these predictions in Fig. 6.2-1.

Fig. 6.2-1. Differential crosssectionsfor H(y,m") for a photonenergyof 213 MeV. The curveis the
Blomqvist-Laget prediction.

*University of Saskatchewan.

tDepartment of Radiation Oncology, University of Rochester, Rochester, NY.
INuclear Physics Laboratory Annual Report, University of Washington (1993) p. 36.
2]. Blomgqvist and J. M. Laget, Nucl. Phy%.280, 405 (1977).
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6.3 Fermi gas calculations for photoproduction of " on nucle
D.W. Storm

Lastyeaf we describedan implementatiorof a Fermi gascalculatior? for pion photoproduction.
This calculation should account, in a reasonable way, for the effedeesmimotionandPauliblockingon
the pion photoproductiorprocessn nuclei. In orderto betterunderstandhe effects,besideshosedueto
Pauli blocking and Fermi motion, of nuclearmatteron the pions, we considerratios of differential cross
sections from nuclear targets to th@sen protontargets. This removessensitivityto the Blomqvist-Laget
amplitudé used as the basis of the Fermi gas calculation.

Becausethe photons penetratethe entire nucleus,the pion sourcesare uniformly distributed.
Consequentlyin a quasi-freepicture of the pion photoproductionthe angulardistribution of the pions
from a nucleartargetare determined: 1) by the elementaryangulardistribution (Smearedout by Fermi
motion), 2) by Pauli blocking, especiallyof the forward pions,3) by refractionat the nuclearsurface,and
4) by differencesin absorptiomat differentangles. The last effect follows becausehe pion absorptionin
nucleiis stronglydependenbn the pion energy,andkinematicsand Pauli blocking producehigheraverage
energypionsat forward anglesthanat backwardones. In our calculationswe do not considereffectsof
velocity dependenhucleonoptical model potentialsnor of the effectsof the pion optical potentialon pion
production. In Reference, thesetwo effectsare shownto be of similar magnitudeand oppositesign, for
energies below thA resonance.

The differential crosssectiongiven by the Fermigascalculationis fairly flat with anglefor angles
of 50° or more! Because the main effect of refraction wiito smearout the angulardistribution,which
is expected to be and is observed to be fairly flat, it is reasonable to ignore refraction.

For the protons,we useFermi momenteof 220, 250, 260and 265 MeV/c for C, Ca, Sn,andPb
respectively. For the neutronsin the heaviertwo targetsthe Fermi momentaare higher, 289 and 306
MeV/c for Sn and Pb, respectively.

We defineRy, to betheratio of the measurediifferential crosssectionfrom a nucleartargetto the
measuredlifferential crosssectionfor a proton; Rg is the ratio for the nucleardifferential crosssection
resultingfrom the Fermigascalculationto the differential crosssectioncalculatedor the proton. Thenif
we considerthe ratio of theseratios and neglectrefraction,R/Rg shouldreflect the absorptionof pions.
This ratio is plottedin Fig. 6.3-1,asa function of angle,for severaltargets. It hastypical valuesaround
0.3to 0.4, it decreasesvith angle,andit exhibits remarkablylittle dependencen target. Becausethe
dependencef pion energyon angleleadsto an angledependenabsorption one might expectthe quantity
Rm/RFE to be smallerat forward angles wherethe averagepion energyis higher,but the oppositeangular
dependence is observed..

Thefact that Ryy/RE is 0.3 to 0.4 implies that lessthan half the pionsthat are initially produced
escape. The reasonthis ratio exhibitssuchlittle A dependenceemainsa mystery. The largervalue at
forward thanbackwardanglesmay be a resultof an over estimateof Pauli blocking, which is expectedo
be largest at forward angles.

INuclear Physics Laboratory Annual Report, University of Washington (1993) p. 38.
2W.M. MacDonald, E.T. Dressler, and J.S. O'Connell, Phys. Rew55 (1979).
3]. Blomqvist and J.M. Laget, Nucl. Phys.280, 405 (1977).
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Fig. 6.3-1. Angulardependencef the quantityR/Rg for photonenergyof 213 MeV. As arguedin the
text, this quantity should be related to the fraction of pions absorbed by the nuclear material.
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7. ULTRA-RELATIVISTIC HEAVY ION COLLISIONS

7.1 NA35 momentum calibration and calculation
P. Chan and. A. Trainor

This work involved minimization of systematicerror in particle momentaderived from tracking
information from the NA35 TPC. The problemsincluded determiningthe relative positions of the
momenturrdispersaimagnetsystem the beam-targesystemandthe moveableTPC. A priori information
from professionakurveyswas availableas a startingpoint. However,errorsin the surveynumbersand
uncertaintiesderiving from imperfectrigidity, TPC motion during the runs, changesn the beamphase
spaceresulting from transportadjustmentsand incompletemonitoring producedsignificant systematic
uncertainties in the inclusive spectra.

We, therefore developedechniquedy which internal propertiesof the datawere usedto improve
the systemgeometryinformation and minimize the systematicmomentumerror. As an examplewe
observedhattherewasa smallbut significantpopulationof electronpairsin the datafrom conversiorof
pi-zero decayphotonsin the TPC front wall. Thesepairs essentiallypointedback exactlyto the beam-
targetintersectionpoint, evenwith the magneton. This providedan importantinternal fiducialfor the
beam-target-TPC system relative geometry.

Another technique consisted of demandingthat the inferred transverseparticle momentum
distributionbe symmetricaboutthe beamdirection. This revealedsystematimffsetsdueto relativebeam-
magnet-TPGQgeometryerrorswhich could then be minimized. Carryingout a systematicstudy of these
effectsover the whole setof Spring1992runs madepossiblea run-numberdependenstatemenof TPC
angleand position and beam-targeingle and positionto within 1 mm and 0.1 mrad. This broughtthe
systematierrorin momentundownto the level of the randomerror dueto multiple scatteringof particles
after exiting the magneffield and beforeenteringthe TPC (5 MeV/c). Uncertaintiegorior to this analysis
were on the level of several mm and 0.5 mrad or 10-30 MeV/c.

An outgrowth of this analysiswas a simulation study of particle transportin the momentum
dispersingmagnetic field and resulting improvementof the momentum calculation algorithm which
increased both speed and accuracy. This study is described in the next article.
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7.2 Momentum deter mination for NA35 TPC
P. Chamand T.A. Trainor

In CERN experimentNA35, a 1.5 Teslasuperconductinglipole analyzingmagnetwas usedto
obtain momentuminformation for chargedparticlesproducedin collisions of 200 GeV/u S nuclei with
stationaryS, Au, or Ag targets. For a hard-edgednodel magnetwith constantfield strength,this is a
simpleandstraightforwardask. However,in the stray-fieldregionof the real magnetthe trajectoryof the
particleis notthe sameasthatfor a hard-edgeanagnet. For CERN experimentNA35 the TPC s located
5.6 m from the centerof the magnet. Momentuminformationfor theseparticlescanonly be inferredfrom
their trajectoriesafterthe effect of the strayfield hasbeenincluded. In anattemptto simplify the analysis
chain and reduce the computational time, we have used a hard-edged magnet to modetdgaeedihe
modelis goodif it produceghe sameparticletrajectoriesinsidethe TPC asthe real magnet. A GEANT
simulation was used to test the quality of the model.

Theoriginal GEANT simulationpackageGNA49 waswritten by PeterJacob=f LBL for CERN
experimeniNA49. It hasbeenmodified by us to suit the NA35 geometry,anda separatanagneticfield
routine hasbeenadopted. The real magneticfield hadbeenmeasurednd parameterize@ds a function of
radius (Fig. 7.2-1). For the present simple model only the vertical component of the magnetic field is used.

Thetestingof the modelwasdonein two steps. First, the parameterizedield profile wasusedto
simulatethe trajectoriesof a setof particlesof known momentausing GEANT. The particle trajectory
inside theTPC, which is outsidethe magnetjs a straightline and,therefore canbe describedy slopeand
intercept parameters in tA¢>C coordinatesystem. The secondstepwasto find anequivalentmodelhard-
edgedmagnetwith certainfield strength.field radius,and magnetposition. Thenthe momentumof the
particlescould be calculatedanalyticallyfrom the slopeandinterceptparameter®f the particle trajectory
using the geometry of the model hard-edge magnet.

For the optimum model magnetthe centerof the magnetcoincideswith the centerof the real
magnet. The field radius of the model is given by:
lh = (Xmagnet_xo) +(Xtarget _X0)1

where X yagnet@nd X 5rqet arethe distancesetweenthe centerof the TPC andthe centerof the magnet

andthetargetrespectively. Theintersectiorof the straight-lineextrapolation®f the particletrajectoriesn
the TPC with the beamaxis (in particularfor particleswith high momentaemittednear0°) definea focal
point (Barber's rule). The distance from the center of the TPC to that pgjnt is x

Ideally, the field strength Bof the model magnet should satisfy

M 00
j B,.dl= B(r)dr,

Xtarget Xt argpt
B(r) is the parameterizedield profile of the real magnetand Xtarget is the position of the target. In the
presenimplementatiorthe pathis simply choserto be a straightline from the targetandparallelto beam
axis.

Fig. 7.2-2. showsthe input data(circles) as a function of inversemomentumand emissionangle
with respecto the beam. Plottedon the samefigure are the inferred momentumandangle(stars)usinga
1.448 Tesla hard-edged model magnet with field radius 161.6 cm.

This simple algorithmis usedto obtain momentuminformation for the particlesdetectedin the
TPCusinga hard-edgednagnetmodel. Theresultfrom the GEANT simulationshowsthat suchmodeling
producesresultsthat are quite satisfactory. The errorsin inferred momentaare comparableo multiple
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scatteringerrors. The succes®f this modelingmethodgreatly simplifies the methodto obtainmomentum
information from the TPC track data. Moreover, the algorithm improves the speed of the analysis chain.

Fig. 7.2-1. NA35 magnetic field profile.
Circles are measured values of the vertical
component of the magnetic field strength; solid
line is the parameterization of the measured
values.

Fig. 7.2-2. Input momenta (circles) and
inferred momenta (stars).
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7.3 NA35 TPC pad-to-pad relative response calibration
P. Chamand T.A. Trainor

A Time Projection Chamber(TPC) was usedin CERN experimentNA35 to detect particles
resultingfrom collisionsof 200 GeV/u S ionson Au, Ag andS targets. lonizationcausedy the charged
particlestraveling through the sensitivevolume of the TPC was sampledby an array of pads. The
trajectoriesof the particleswere reconstructedrom the inferred spatial positionsat which the ionization
occurred. Dueto the coarsesamplingsize of the array of individual pads,it is importantto measurehe
pad-to-padelativeresponse.Otherwise any particularpadwith relatively large or small responsecould
causea distortion in the inferred position of the ionization. Originally, such calibration was done by
sendingan electronicpulse through the gating grid wires of the TPC. However, the condition of the
electronicscanchangeafter the calibrationhasbeenmade. Furthermorethereis evidencethat during the
experiment the pad response changed over tiigle someof the padswereturnedoff becausef known
problems, pads that showed occasional malfunction needed to be removed by software before going through
the analysischain. Hence, an independentcalibration was done not only to show that the original
calibrationwas not effective,but alsoto providea way to find out the correctpad relative responsen a
run-by-run basis.

The methodusedto obtainrelative padresponseavas basedon a simpleassumptionthat the total
amount of ionization detected byadovera long periodof time variessmoothlyacrossneighboringpads,
providedthat the geometryremainsunchangediuring that period. Therefore,by calculatingthe average
ADC countsper time unit on eachpad, one can estimatethe relative responsef the pads. On the other
hand, if any particular pad on the average recorded excessive/insufficiertADG,it is quite likely that
the padhassomehistory of malfunctionduringthatperiod. Fig. 7.3-1 showsresultfrom oneof the eight
sectors of the NA35 TPCEachsectorhas15 rows,andeachrow has128 pads. The averageADC count
pertime channelis about90. Severalchanneldhaveover 150 ADC countspertime channel indicatedby
the peaks,while somehavealmostzero which correspondo valleys. Including thosepadsin obtaining
positioninformationof the ionizationwould obviously produceerror. However,by this analysisthey can
easily be distinguished from the others as shown in the figure.

In orderto seeif the two calibrationmethodsgrid pulseandaverageADC counts,are consistent,
one can apply the original grid pulse calibrationto the raw averagedADC countson the pads. If the
calibrationreduceshe fluctuationson the averagedADC countsrelative to neighboringpads,then both
methods would be consistent. However,rdgiltwascontrary. The variationof the averageADC counts
among neighbors only gets worse after applying the original calibration.

Fig. 7.3-1 showsthe raw averageADC countsper time channel(left). Comparingthis with the
figure for the samedataafter applyingthe grid pulsecalibration(right), we seethat the pulsercalibration
doesnot smoothout the distribution. It makesit rougher. Also there are valleys which are not on the
previous figure. Some of the valleys are pads that twenedoff becauseherewereknown problemswith
them. Otherswereturnedoff by this calibrationbecausehey had poor performanceat the time that the
calibrationdatawere taken. However,thosepadsdid not show any significant bad behaviorduring the
time period in question.

This small exerciseshowsthat the calibrationusing the wire pulsesignal doesnot work well for
the TPC becauseof changesn the electronicsbetweenthe time real datawere taken and the time the
calibrationwasdone. This averagedADC countcalibrationmethodstill needstuning to be morerobust.
For example the energylossfor particlesmay needto beincludedto accountfor the variationbetweernhe
front andthe back of the TPC. Onceall the fine tuning is done,this methodshould provide a way of
obtaining pad-to-pad relative response dynamically.
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Fig. 7.3-1. RawaverageADC counts(left) and averageADC countswith grid pulsecalibrationapplied
(right) per time channel as function pad and row number in a sector of NA35 TPC.
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74 NA35 momentum error systematicsand variance analysis
S.J. Bailey, H. Bichsel, P. Chan, J.G. Cramer, D. Prifdl&. Trainorand X. Zhu

This was a lengthy error analysisprogramcarried out on the NA35 TPC datafrom the Spring
1992 sulfur beamrun on sulfur, silver andgold targets. The analysishadtwo componentsan analysisof
systematianomentumerror,andan analysisof variancein the TPC trackingprocessaandthe randomerror
in inferred momentum which results.

The systematicerror analysisinvolved a detailed study of the relationship betweenall TPC
geometryparameterssuchas positions,angles,drift speedstiming, magneticfield parametersetc., and
the consequent systematic distortions in the inclusive momentum spectra.

The result of this study, in addition to a detailed statementof the error propagation,was a
reduction of the total systematicerror due to improved knowledge of the system geometry from
requirementsof symmetry and internal consistency. A statementof the error system consistedof
descriptionf the topologicalmappinggdistortions)in momentunmspaceresultingfrom variousoffsetsin
system geometry parameters, with estimates of the uncertainties in the geometry parameters.

Such systematicdistortion analysesbecomeespeciallyimportant when attemptingto carry out
'mixedchargeHBT analysisjn which caserelativeregistrationof widely separatedegionsof momentum
space(for oppositelychargedparticles)becomescritical. This placesfar more stringentrequirementson
momentum accuracy than have been routinely achieved in the past.

The momentum variance analysis began with a detailed study of the energy loss ptbedd3@
andtherecordinganddigitization of the resultingchargedistributionsby the dataacquisitionsystem. This
involved both analysisof real track datafrom the Spring 1992 run and microscopicsimulationof energy
loss and electron drift in the TPC.

Careful study of the tracking analysisprocesson both simulatedand real datarevealedways to
modify the trackingalgorithmsto reducesignificantly the randomerror (in somecasedy morethan50%).
The tracking analysis software was modified to take advantage of these findings.

Analysis of the consequencesf randomerror in TPC tracking, especiallyto Hanbury-Brown-
Twiss (HBT) interferometryusedto reconstructhe space-timegeometryof the collision event,revealed
that the error structurein the reconstructedevent space-timeis highly asymmetricand momentum
dependent when the tracking device ggmificantdistancefrom thetarget,aswasthe casewith the NA35
TPC. This finding doesot meanthatHBT interferometrywould be ineffectiveat suchreconstructionbut
ratherthat any statementboutcollision systemspace-timeusing this techniquemustinclude corrections
for the asymmetric random error effects noted here.

The NA35 datahaveservedasa testbedfor developmenbf theseanalysistechniqueswhich will
now be extended during the NA49 data analysis.
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7.5 Energy loss straggling functions needed in NA49 and STAR
H. Bichsel

The choiceof a gasfor the time projectionchamberslependn severalpropertiesionization per
cm, electrondrift parametersghemicalhazards. The ionizationis derivedfrom the energyloss A of the
charged particles. Sinck is a stochastic variable, vmeedto know the distributionfunctionf(A), usually
calledthe stragglingfunction. It canbe characterizedy its mostprobablevalue A, andthe full-width-at-

half maximum,w. TheionizationJ is givenin a first approximatiorby J = A/W, whereW is the energy
neededor creationof anion-electronpair. It consistsof two parts:J, representinghe numberof primary
ion pairsproduced,J; = n [, wheret is the thicknessof the gaslayer traversedby the particles,and J,
producedby the secondaryelectrons(d rays) from the primary collisions. The total ionization is
J=J + J. The stopping power S = dE/dx does not represent a useful parameter for charaft&izing

Energy loss parametershave been calculatedfor helium, argon, ethaneand butane with the
Weizsacker-Williams method. They are given in the table for particles3yith4.

Table7.5-1. Numberof collisionspercm, np; W(eV); stoppingpower S keV/cm; mostprobable
energylossA, (keV) andfwhm w (keV) for two thicknesses of gas:1 cmand4 cm. Uncertaintief the
values are several percent.

gas Np W S Ap w Ap w w/A,
lcm lcm 4cm

He 5.2 30 0.33 0.15 0.21 0.74 0.53 0.72

Ar 26 26 2.47 1.0 1.24 5.2 3.4 0.65

Cz2Hs 69 25 3.02 1.65 1.05 7.7 3.0 0.39

C,H, 128 23.4 6.1 3.84 2.01 16.8 54 0.32

Valuesfor W arethosefor electronst For He, an estimateis given which takesinto accountthe
Jesseeffect, which accountsfor the ionization of impurities by highly excited statesof helium atoms.
Thereis no doubtthat W depend®n particle speed. Sinceat presenthereis no reliabletheorypermitting
the calculationof W with an uncertaintyof, say,1%, we do not know how muchW dependn speed. At
small speedge.g.,1 MeV protons)W dependsn particletype. It is unlikely that W dependson particle
type at relativistic speeds, so | gave the values for electrons.

Datafor n, for the organicgasesare muchhigherthanthosegivenby Sauli? This is dueto the
large photoabsorptioncrosssectionsfor thesegases. Note especiallythat A, is muchlessthanthe mean

energyloss <A >=t[8. Thusit is inappropriateto talk about"dE/dx" when stragglingfunctions are
discussedAlso notethat A increasespproximatelyastl!. The resolutionfor particleidentificationwill

be proportional tev'A,. From this aspect, butane would be the best choice for the TPC gas.

1"Average energy required to produce an ion pair" Report No. 31, Int. Comm. Radiation Units, Bethesda, MD,
1979.
2"Principles of operation of multiwire proportional and drift chambers," F. Sauli, CERN 77-09, Geneva, 1977.
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7.6 Projectivetrackingin NA35 and NA49 TPCs
H. Babcock, S. Bailey, P. Chan, J.G. Cranied. Prindleand T.A. Trainor

NA35 andNA49 arefixed targetheavyion experimentsat CERN. In both experimentghereis a
targetin a magneticfield sothat particlesproducedn heavyion collisionsfollow curvedtrajectoriesuntil
they emergefrom the magneticfield. The trajectoriesare then measurecby TPCs. NA35, which has
finished datataking, had a single external TPC. NA49, which is being constructednhow, hastwo large
external TPCs (the so called Main TPCs) as well as TPCs inside the magnetic fields (the Vertex TPCs).

The NAS3S track finding programTRAC is a traditional "follow your nose"approachn which a
hypothesisor previouslydeterminecpointsareusedto predictwherethe next measuregoint on the track
shouldbe. This involvesa substantiabmountof calculation,evenfor straightlines. We havedeveloped
an alternativepatternrecognitionalgorithm which involves projecting all points to the TPC mid-plane
basedon a point-of-origin hypothesis. This allows us to searchthe two dimensionamid-planefor peaks.
All the points within a peak are assumed to belong to a track.

We projectall TPC pointsto the mid-planeby assumingall tracksfrom the targetwere emittedat
small angles and then curved in the magrfegid. For NA35, with a singlemagnetthis meanghatin one
dimensionthe tracks extrapolateto the beam-targetintersectionwhile in the other dimension they
extrapolateto the centerof the magnet(Barber'srule). For NA49, with two magnetsthe projectionis
more difficult to describe but still possible.

We have testedthe projection using NA35 raw data. Here we project all the pad-time bins
containingcharge,as opposedto applying a cluster finding algorithm and projecting the spacepoints.
Shownin Fig. 7.6-1is the high densitypart of an NA35 event. The chargedensitycontoursrepresenthe
projected raw data, and the crosses are the mid-plane intersection of the tracks found by TRAC.

Fig. 7.6-1. Rawdatafrom an NA35 eventprojectedto the TPC mid-plane. The chargedensitycontours
representhe projectedraw data,and the crossesare the mid-planeintersectionof the tracks found by
TRAC.
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1.7 MTRAC tracking analysis code
S.J. BaileyT.A. Trainorand P. Venable

The Pb beams program at the SPS at CERN will commierie| of this year. NA49 will beone
of theleadingexperimentsn this program,with dataratesfor 200 GeV/u Pb on heavytargetsexpectedo
be in the neighborhood of 8 MbytesRarticletrackingwill be sharedamongfour TPCs,of which thetwo
'main’or MTPCs are 3.5 m squareand locateddownstreanof the momentumdispersingdouble magnet
system. Data analysisof the very substantiafinal datapackagewill be performedat a distribution of
analysis centersaround the world, including CERN, IKF-Frankfurt, MPI-Munich, Birmingham-UK,
Seattle and LBL, and will represent a major step in the development of distributed data analysis systems.

The MTPC tracking task involves a lengthy sequenceof computationalstepsto find track
correlationswithin the depositecchargein a TPC for eachcollision event,andthento interpretthe found
tracksin termsof specificparticletypesand momenta. This mustbe donewith the highestpossiblespeed
andefficiency in view of the large amountof dataproducedandthe relatively low incidenceof the most
interestingevents thosethat would revealevidenceof QCD color deconfinement. The task of generating
the tracking softwarefor the main or MTPCs has beenundertakenby our group at the University of
Washington.

This task has two components. A software environmentfor overall NA49 data analysisis
currently being developed by our European colleagues under the coordaidiénin Frankfurt,in which
all analysissubsystemsyvill eventuallyreside. During this environmenidevelopment standalonesersion
of the MTPC trackingcodeis beingdevelopedchereby SIBwhich will alsobe usedfor hardwaretestsat
CERNIn the nearfuture. This codeis beingdevelopedwvith contributionsfrom personnebt MPI-Munich
and LBL.

As moredetailedversionsof the softwareenvironmentbecomeavailableworking elementsof the
standalonecode are being transferredto this environmentby PV. This parallel developmentprogram
insures optimum schedule security and matching to various simulation and hardware testing requirements.
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7.8 NA35 and NA49 tracking analysis software
S.J. Bailey P. Chan, D. Prindle, S. Schonfeld@dr,A. Trainor and P. Venable

TRAC! is an analysissoftwarepackagefor NA35 time projectionchamber(TPC) tracking. We
have been updatingthis programfor use as NA49 tracking software. To facilitate this process,the
following changes were made.

The code was modularizedso that eachmodule had a clearly defined set of input and output
parameters, anithe purposeof eachmodulewasclearly known. This modularizatiorenabledeachmodule
to be updated separately without affecting other modules. The code wesaismizedo makeit clearer
and easier to understand. Unused portions of thewed¥emovedandthe existingcodewasreorganized
to disentanglalifferent portionsof the analysischainfrom eachother. During this processhe codewas
upgraded to ANSI-C compliance. Complete documentation was also written, both for using the program as
a whole and for the specifics of individual modules.

Themodularizationreorganizationanddocumentatiomasallowedusersto be ableto changeone
portion of the TRAC code without having to understand aill. o his hasreducednitial learningtime and
has made the process of trying new modules and algorithms more efficient.

The ultimategoal of the changewasthe eventualuseof the codeas NA49 trackingsoftware but
there have also beaidebenefitsdirectly applicableto NA35 dataanalysis. The detailedunderstandingf
the entire program allowed several small bugs to be identifiddorrectedaswell asimprovedalgorithms
to be implemented. The latestNA35 version,releasedas TRAC version1.2, had significantly improved
data quality.

TRAC is being updatedto do the tracking analysisfor the two NA49 main TPCs which are
significantly larger and more complicatedthan the NA35 TPC. The internal geometryvariablesand
functionshavebeenentirely rewrittento reflect this new geometry. The NA49 specificcodeis alsobeing
streamlinedrom the original TRAC code. Severalmoduleshavebeenentirely rewrittenandthe process
anddataflow havebeenreorganized.ThelNIT file formathasalsobeenentirely redesigned.The current
code, TNT? version0.05,is mucheasierto understanc&ndupdatebecausét is specificallydesignedo be
modular and easy to work with.

The NA49 analysissystemwill usea daemorserverfor memorymanagemerand|/O. Underthis
systemeach major module of the TNT programwill becomea separatestand-aloneexecutable. The
geometryfunctionshavebeenconvertednto a library to which othermoduleslink to gainaccesgo those
functions. The new modularizationhas greatly facilitated this processof creatingentirely stand-alone
modules.

Thereare currentlytwo major versionsof the trackinganalysiscodebeingdeveloped. Oneis the
stand-alongorogramTNT, designedo allow currentcodedevelopmentvhile the daemonis beingfinished
andto serveasa backupanalysistool in caseoverheador other unanticipatedactors causethe daemon
environmentto be impractical. At the sametime, modulesfrom within TNT are being convertedinto
stand-alone=xecutableso work with the prototypedaemon. We havehad good succeswith integrating
these two parallel efforts.

*MPI, Munich.
ITPC Reconstruction and Analysis Code, Gunther Roland, IKF Frankfurt.
2TNT stands for "TNT, Not TRAC".
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7.9 Improvementsto cluster finding software
S.J. BaileyP. Chan, D. Prindle and T.A. Trainor

As part of the upgradeof the NA35 tracking software TRAC! a significantamountof time was
spentanalyzingthe methodsusedin the clusterfinder, especiallyregardingthe usageof badpads. In the
NA35 time projectionchamber(TPC), thereare effectively 60 vertical pixel planesdivided up into 256
padsby 512time binseach. Within eachplanecontiguousslandsof chargewith a singlepeakin boththe
pad and time directions are formed into clusters. These clusters are eventually used for track finding.

To study anomaliesn the clusterfinding processthe clustersfrom fitted trackswere analyzed.
For eachcluster,its distancefrom the fitted track was correlatedto its positionin the TPC. In the time
direction, nothing unusualwas found. In the pad direction however, certain areasof the TPC had
unusuallyhigh numbersof clustersthat were much further from the track than average(seeFig. 7.9-1,
representingectorthreeof the TPC). We noticedthattheseareasof the TPC correspondetb padsthata
calibration file had alreadyarkedas"bad". It wasalreadyknownthatthesepadswerebadbut theywere
not being properly handled and were thus distorting the final results.

It wasdiscoveredhatthe clusterfinder wasusingbad padsin the clusterreconstructiorprocess,
andwasmerelyflaggingthemasbeinginvalid for usewith dE/dx calculationshecauseheir chargevalues
wereinaccurate. But the inaccuratechargevalueswere beingusedin momentcalculationswhen finding
the clustercentroidsandwerethus causinginaccurateclusterpositionsto bereported. If the padwasbad
because it was permanently off or reading low, the centroid was shifted away from thattpagadivas
permanently stuck on or was reading high, the centroid was shifted toward that pad.

Optionswere consideredo attemptgaussiarfits to the dataon good padssurroundingbad pads,
but it was decidedthat simply throwing out clustersinvolving bad padswas a more efficient methodof
achievingimproveddataquality without sacrificing a significantamountof statisticalpower. Eventhis
wassimplisticandmostof the problematicareasremainedseeFig. 7.9-2). The clusterfinding algorithm
was studiedin detail and it was found that the determinationof cluster peakswas faulty, and that the
clusterfinder was erroneouslyusing half-clustersalong boundariesvhere part of the cluster had been
chopped off.

After theseflaws were correctedtherewerestill a few areasof the TPC which showedproblems
(seeFig. 7.9-3). Theseweretracedto errorsin the distortioncorrectionparametergor certainportionsof
the TPC. The final results are shown in Fig. 7.9-4 (note the scale change).

The problematigpadsin the TPC found by this methodclosely matchedhe bad padsidentified by
the calibration parameter analysis progfam.

ITPC Reconstruction and Analysis Code, Gunther Roland, IKF Frankfurt.
2Pakkin ChanNA35 TPC Pad-to-Pad Relative Response Calibration, Section 7.3 in this report.
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Fig. 7.9-1. Original cluster Fig. 7.9-2. No bad pads used.
position analysis.

Fig. 7.9-3. Improved algorithms. Fig. 7.9-4. Final results.
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7.10  Higher moment sensitivity/insengtivity in multiparticle HBT interferometry
J.G. Cramer

It is well known that two-particle Bose-Einsteircorrelationsusing Hanbury-Brown-TwisgHBT)
interferometrywith pions provide information on the 2nd moment (radius) of the sourcedistribution
producingthe pions. Zajc! haspresentec comparisorof 2-particleand3-particleHBT interferometryon
the same system which seemedto show sensitivity to the 3rd moment (asymmetry) of the source
distribution. He comparedthe analytical Fourier transforms producing 2-particle and 3-particle
correlations for a hard-edged spherical source and a hard-edged hemisphericall$@itemispheravas
adjustedin size so that the 2-particle correlationsfunctions of sphereand hemispherematched. Zajc's
calculationindicatedthat the 3-particlecorrelationfunctionswere markedlydifferent, with the hemisphere
correlationfunction a factor of two narrowerin momentumspace. This was takenas evidencethat the
high-order HBT correlations have sensitivity to the asymmetry of the source distribution.

We haveattemptedo reproducehis resultfor moregeneral(andrealistic) sourcedistributionsby
performing multidimensionalnumericalMonte Carlo integrationover the space-timecoordinatesof the

source distribution p(rl,Rl). The integral evaluatedto obtain the nth order correlation function
Cp(ky,....kp) is

Co(Ky, - Ko) = [ p(rpk )d'ry [ p(r K )d*r Jw (r ot s Ky K P

where the multiparticle wave function is
n!
W(ry el Ky Kp) = 7 IZq_u(rl, knl(i))...w(rn,knn(i))

andm (i) is thejth element of theth permutatiorof the sequencd,2,3,...n. The FORTRAN codewritten

to do thesecalculationswas inspired by the 2-particleHBT correlationprogramPIPICORRwritten by
Scott Pratt. The presentprogram,HBT_MC, is very generaland is capableof evaluatingup to n=6
correlation functions for bosons or fermions.

We haveusedthis codeto examinethe following four sourceshapes: sharp-edgephere sharp-
edge hemisphere, hollow spherical shell Gadissiardistribution,with eachsourceadjustedn sizesothat
it has the same momentum space width in its 2-particle correfatiotion. Fig. 7.10-1showsanexample
of thesecalculationsfor 2- 3- and 4-particle correlationfunctions plotted againstlongitudinal invariant
massdifferenceQ,,, As canbe seenthe 3- and4-particlecorrelationfunctionsare essentiallyidentical,
exceptfor somesmall (~ 5%) "ringing" oscillationsin the high-Q regionof the distribution. We conclude
that the higher-moment sensitivity that Zajc ascribed to multiparticle HBT correlations is absent.

This disappointingnumericalresult promptedus to re-examinethe analytic Fourier transform
relations that Zajc used to calculate the 3-partioleelationgor a hemisphericasource. On doingso, we
discovered that including the momentum separations of particle pairs in cyclic order, i.e.,

(k, - k,,k, -k, k,—k), introduces a sign change from Zajc's result whanrcelsout the imaginarypart
of the Fouriertransform,the part producedby the sourceasymmetryln the properlysymmetrized~ourier
transform there is no remaining strong sensitivity to the 3rd (or higher) moments of the source distribution.

We note, however,that the small "ringing" oscillationsmentionedabove are different for each
sourceshapeandare producedby the highersourcemoments. It is possiblethat, with ultra-preciseHBT

IW.A. Zajc, "A Pedestrian's Guide to Interferometry" in the Proceedings of the NATO Advanced Study Institute on
Particle Production in Highly Excited Matter, Lucca, Italy, Gutbrod and Rafelski, eds. (July, 1992).
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correlation measurementperformed with very high statistics,it may be possibleto "decode"these
oscillationsandgaininformationabouthighermomentsof the source. We are presentlyinvestigatingthis

phenomenon.

Fig. 7.10-1. Calculationof two-particle(R2), three-particlg R3) andfour-particle(R4) HBT correlation
functions plotted as a function of longitudinal invariant massdifferences(an?) using four different
distribution shapes: sharp-edgesphere,sharp-edgehemisphere spherical shell, and Gaussian. No
significant shape-dependences are found in the correlation functions.
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711  Theonset of multiparticle effectsin HBT interferometry
J. G. Cramer an¥. Sacksteder |V

The particlemomentundistributionanalyzedn HBT is like the spatialdistributionof an ordinary
gas. There is a density, the "phase space densityN (R / (2rth))3, whereN is thetotal numberof like-
chargepionsproducedoy the collision andR is the sourceradius. In anordinarygas,particleinteractions
are governedby a potential, which inducescorrelationsbetweenparticle positions. Likewise, in HBT
interferometrythe particlesexhibit bosoninterferencewhich canbe characterizedby an effective potential
andinducescorrelationsetweerparticlemomenta. The experimentamethodis to observethe momentum
correlations, deduce the phase space density, and then find the source size from the above equation.

The deductiveleap from the observedmomentumcorrelationsto the phasespacedensity is
nontrivial. At low densitiespairsof particleswith similar momentaarerare,andtriplets of suchparticles
are much rarer; thiateractionbecomesffectively pairwise. The gaswith a pairwisepotentialis the tried-
and-truestatisticalmechanicgproblem;for low densitiesthe dependencef the correlationfunctiononn is
trivial. However,for higher phasespacedensitiesthe potentialbeginsto manifestits true multiparticle
natureandthe traditional methodsof statisticalmechanicdail. Computationof the correlationfunction's
behavior also becomes impossible, because the potential becomes impossible to compute.

Therefore we would like to know if the plannedHBT experimentwill havethe desiredlow phase
spacedensitiesor if theywill exhibit the mathematicalntractibility associatedvith high densities. This
problemis nontrivial, becauseparticle momentaare concentratedn certainregionsof phasespace,and
alsobecausets solutionwould involve calculatingall of the effectsof the potentialand comparingthese
with the effectspredictedby a pairwiseinteractionpotential. We attackedthis problemby ignoring the
interactionpotentialentirely, andfinding out whenlarge numbersof particlesare neartwo or more other
particles. This method produces a lower limit to the critical density, since the potential is attractive.

Since the source size to be seen in future experimemispseciselyknown,we give our resultsin
termsof a critical sourcesize. Becauseof our approximation,this is a lower limit on the permissible
sourcesize. Our resultsconfirmedthe experimentafinding that presentHBT experimentsarein the low
densityregime. At RHIC, however,the sourcesize must be considerablybigger: our lower boundis
around 9 fm, and the real critical radiaprobablymorelike 12 fm. At the ALICE experimentpur lower
bound gives a source size around 12 fm, and the real result is likely around 16 or 17 fm.
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7.12  Bin-freemaximum likelihood analysis of HBT interferometry
J.G. Cramer, D. Fereridyl. Gazdzicki, andV. Sacksteder IV

As mentionedlast year! the extraction of sourceradii from particle momentumdata through HBT
interferometrycanbe difficult if therearelow statisticsor large errorsin momentummeasurementsThe
traditional method,which involves binning of data, exacerbateshe problemof low statisticsand totally
ignoresthe problem of experimentalerrors. Therefore,we are working on implementinganotherdata
analysis method, maximum likelihood analysis. It is not limited to the regime ostaig$tics but extracts
all the information availablein the data. We have elaboratedon the maximum likelihood method by
including integralswhich allow the methodto adjustperfectly for experimentalresolution. Using this
method, we are able to extract as much information from an experiment with a momentum rebaltion
known perfectly as we are from an experimentwith exact momentummeasurements.Both of these
strengths should make maximum likelihood analysis invaluable in upcoming experiments.

We haveimplementedhis methodin C in orderto testit on simulateddata. Our programruns
quickly, finishing in a minuteor two. We will shortly completea completedemonstratiorof this method's
capabilities and a quantitative comparison of its results with the binned method's results.

*Institute fur Kernphysik, Universitat Frankfurt, August Euler Str. 6., D-6000 Frankfurt 90, Germany.
INuclear Physics Laboratory Annual Report, University of Washington (1993) p. 47.
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7.13  Simulation of the STAR TPC field cage
J.F. Amsbaugtand J.G. Cramer

Contributionto the drift distortionsof a trackin the STAR TPC dueto the electricand magnetic
fields shouldbe keptto a valuelessthanthe chargepositionresolution. Given both this resolutionandthe
magnetidield of the designedsolenoid the quality of the electricfield is constrained.Consideratiorof the
Langevinequationimplies that the radial componenf the electricfield is the mostimportant. Electric
field quality is evaluatedoy the integralof theratio of the radial to axial electricfield over the track drift
length. For simplicity, we usethe maximumdrift lengthat constantp. Evaluationof designchoicesge.g.,
biasresistortolerance®r constructiorpositionaccuracy shouldconsiderthe designgoal that this integral
be less than 0.7 mm.

The code RELAX assumes azimuthal symmetry, then solves Laplace's eqgimpoandz for the
potential, on an evenly spacedgrid, using an over relaxation method. Irregular boundarypoints use
interpolation of degree two. We have modified the code for offtesagncreasedhe grid densityto better
approximatehe electrodegeometry andaddedcodeto evaluatethe integralof merit. The input boundary
is in the form of connected line segment coordinates and their voltages.

Two cylindrical field cagesboundthe drift regionin the STAR TPC and define the electricfield
alongthe z axis. The high voltageplaneis at the center(z=0) with chargecollection pad planesat each
end. Eachfield cagehas365 electroded .0 cm wide with a 1.15cm pitch. Theinner cagehas p =50 cm,
the outer, p=200cm. The HV planeto pad planedistanceis 210 cm. The innermostpad edgeis at
p =59.43 cm, the outermopt=196.1 cm. We model half the TPC with liBBerand183outerelectrodes
at a grid densityof 10 perelectrodepitch. This densitymatcheghe electrodegapto the grid spacing,for
studying the field near the boundary.

Separateseriesresistor chainsbias the electrodesof the inner and outer field cagesfrom high
voltageto ground,andwe wantto know the effect of resistortoleranceson field quality. The effect of
leakagecurrentsto groundthrough compositeelectrodesupportstructuresare also of interest. Setsof
input boundary voltage values are calculated uaisgtof resistorasnormally distributedwith ¢'s of 0.0%,
0.1%, 0.2%, 0.5%, 1.0% for each case. Input boundary sets were then calculated with tbledicare
pathsaddedo theresistorsets. We concludefrom this studythat 0.5%resistorsor betterarerequiredfor
the STAR TPC. Also 1GQ leakagepathsfrom eachelectrodeto groundcompletelydestroyfield quality
for 1 MQ bias resistors.

Thefield cagesareassembledrom 6 inch wide Cu/Kaptonstripswith 13 photoetchedelectrodes
oneach. To simulatea placementerrorof 0.115cm we shift the 13 centralelectrodesy onegrid pointin
z. Equivalently,thesel3 electrodescan be shiftedin voltage,and both methodsagreeto 0.5%. Voltage
shifts are continuous while tlzgpositionscanonly be shiftedby anintegernumberof grid points. Shifting
a strip in the field cageonly effects the field near the shift, thus the position error of 14 strips are
independent. The limit on the integral of merit becomes0.7 mm//14 or 0.19 mm per strip shift.
Preliminaryresultsindicatethat this correspondso positionerrorsof 0.36 mm. Electrodestrip position
error studies continue.

Iwritten and supplied by John Southon, Tandem Accelerator Laboratory, McMaster University, Hamilton,
Ontario, CANADA LS8 4K1.

52



7.14  Pattern recognition in the STAR SVT for high density events
J.G. Cramer, P. Jonég).J. Prindleand T.A. Trainor

We havedevelopeda patternrecognitionalgorithm (Grouper)which is useful for finding tracks
that originatenearthe primary vertexandpassthroughthe STAR SVT. The SolenoidalTrackerAt RHIC
(STAR) is one of two large detectorswvhich will be installedin RHIC at turn-on. RHIC is a heavyion
collider capableof storingbeamsrangingfrom protonsat 300 GeV to Au at 100 GeV/A. [The physics
programat RHIC will emphasizecentral Au-Au collisions.] The Silicon Vertex Tracker (SVT) is a
detectorcomponentof STAR and consistsof three 'cylinders'of silicon drift detectorssurroundingthe
interaction point at radii ranging from five to 14 cm.

The GroupergroupsSVT hits that are closeto eachotherin ¢—0. Its efficiency for recon-
structing central Au-Au eventshas beendescribedpreviously? In a typical central Au-Au collision
simulatedby Fritiof or Hijing only a few percentof the beamenergygoesinto particle productionat mid-
rapidity. Thusthereis a concernthattheseeventgeneratorgould grosslyunder-estimatéhe particleflux
passing through our detectors, in which case our detectors might not be useful.

To testour SVT patternrecognitionalgorithmin higherdensityeventswe mergedthe outputof a
number of Hijing events, creating events that had one, two and four times the number of tracks dompared
normalHijing events. Thesewerethenprocessedhroughthe simulatedSTAR detectorusingthe GEANT
Monte Carlo code and presentedto the analysis modulesas single large events. The SVT pattern
recognitioncode, developedor single central Au-Au events,was usedwithout modification (exceptfor
increasing a few array dimensions).

We plot the trackfinding efficiencyin Fig. 7.14-1. We plot efficiency as a function of p, since

the lower momentuntracksareharderto find dueto increasedturvatureandincreasednultiple Coulomb
scattering. We see thatthe track densityincreaseshe high p, efficiency decreaseslightly, andthe low

P cutoff increases.It is clearthat evenfor four timesthe predictedHijing track densitiesve do well at

finding tracksin the SVT. Thereare optimizationsthat canbe doneto makeit evenbetterfor high track
densities if that becomes necessary.

Fig. 7.14-1. Patternrecognitionefficiency in STAR SVT. The vertical axis is the efficiency and the
horizontal axis ig,. The three panels are for on&p andfour Hijing eventsmergedogetherto simulate

higher track densities.

*Lawrence Berkeley Laboratory, Present address: University of Birmingham, England.
INuclear Physics Laboratory Annual Report. University of Washington (1993) p. 66.
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7.15 Trigger overview
T. A. Trainor

During 1993 the STAR trigger system developmenthas included detailed specification of
hardware developmenbf trigger algorithmsand elaborationand testing of the trigger simulation chain.
Our work here has concentrated on the last two areas.

Fastinputs for the STAR trigger in the baselinedetectorconfigurationinclude chargedparticle
multiplicity coverageover the pseudorapidity range[-2,2] using a scintillator barrel (CTB) within the
pseudo rapidity range [-1,1] and the TPC endcap wire chambers (MWW@ranged-2,-1] and[1,2]. In
additiontherearefast scintillator vertex positiondetectorg VPD) and spectatorcalorimetersat very high
pseudo rapidity.

Therearefour triggerlevelsspanninghe time rangefrom 100 ns (RHIC clock period)to 100 ms
(taping bandwidthlimit). Level O is basedon a minimum bias condition, valid collision vertex and total
multiplicity asa measuref collision centralityto determinewhetherto openthe TPC gategrid andbegin
collectingdepositecchargeat 1 us. Level 1, basedon coarseanalysisof the 1-D multiplicity distribution,
determines whether to begin to digitize the TPC and SVT clissgédutionsat 100us. Level 2, basedon
fine analysisof the 1-D distribution, and possibly a coarse2-D analysisof this distribution, decides
whetherto begin higher-level(level 3) analysisof tracking dataat 10 ms. Level 3 usesfast-tracking
algorithms to analyze a fraction of the digitized drift detector datacaseterminenvhetherto write to tape
at100 msto 1 s.

We have developedhere a systemof powerful algorithmsfor the level 1 and level 2 trigger
processedasedon power spectrumanalysisof charged-particlenultiplicity distributions. This method
promisedo extractthe maximumpossibleinformationfrom the multiplicity distributionfor the purposeof
determiningquickly whetheran eventhas unusualpropertiesand should be processedn preferenceto
'standard'events. It is especiallyimportantto extractall availableinformation becauseof the limited
trigger detectorcomplementinduncertaintyat presentasto the detailsof QGP formationand other high-
energy-density QCD phenomena.

In additionto trigger algorithmformulationwe haveparticipatedn establishmenandtestingof a
trigger simulationchainincluding QCD collision eventgeneratorsuchas FRITIF, HIJET and HIJING,
and the particl@propagatiorMonte CarlocodeGEANT usingdetailedtrigger detectorspecifications. This
chainmustbe examinedcarefully to determineboth that the detectordhavebeenmodeledrealistically,and
to calibrate the trigger algorithms by modifying the event generator outputs in known ways.
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7.16  Optimum bin structuresfor trigger detectors
T.A. Trainor

In manycasest is necessaryo divide a continuousndex manifold into binsin orderto represent
somephenomenon. This includesvoltage sampling, vision, formation of opinion and counting of hits.
Dependingon circumstancehereis often an optimumbinning structurewhich minimizessomecostwhile
maximizing extracted information.

For the purposeof trigger detectordesignfor STAR | haveconsideredhe methodof determining
the optimum binning for a system consisting of nominally random hits on a manifold, with some
modulationof the hit density. The modulationor signal containingthe informationis a function of the
index manifold with some power spectrum dintte bandwidth. The questionto be answereds: for some
total multiplicity distributedon the domain, and for some power distribution in the signal, what is the
optimumnumberof bins on the manifold which doesnot loseinformation either by limiting the signalor
adding excess Poisson noise? This has obvious application for triggering with a multiplicity detector.

The problemis representedrchetypallyby shotnoisein electricalcurrentsignals. The term'shot
noise'evokesan analogywith shotfalling on a metal plate (or rain on a tin roof). Thereis a complete
analogybetweenthis standardiime-domainproblemand the somewhatmore generalproblemof Poisson
noise in multiplicity distributions as considered aboVée essentiafeatureof theseproblemss thatsome
signalis carriedin the densitydistributionof hits on somecontinuousdomain. In the caseof shotnoiseas
usedin the electrical engineeringfield the distribution of electronson a current-carryingconductoris
represented in the time domain.

In the analysisof collision eventsthe signal is a matter of speculationbecauseof incomplete
knowledgeabout QCD aspectsof relativistic nuclearcollisions. However,we can make somegeneral
argumentdgo estimatethe form of the powerspectrumfor the likely signalin the multiplicity distribution.
We can also determinethe Poissonnoise exactly, oncethe total multiplicity is specified,which againis
estimated from models.

As a simple 1-D example,the STAR trigger detectorsspana pseudorapidity range[-2,2] or 4
units. Basedon rathergeneralkinematicargumentst is not expectedhat structureson a scalelessthan
1/3 unit will be important. This would indicate3 x 4 = 12 bins as nearly optimum. But becauseof the
symmetryof the power spectrumfor real valuesof multiplicity one mustadd an additionalfactor of two
(Nyquist criterion) to avoid aliasing. Thus, for the conditionsgiven 24 bins will just admit the largest
anticipated signal bandwidth. However, the optimum bin number is also contingent on conijEvwsen
the Poissomoisebackgrounddeterminecbnly by the total multiplicity, andthe true amplitudedistribution
in the signal power spectrum,which latter is presentlya matterfor conjecture. Therefore,one should
attemptto provide a 24-bin detector with the understandingthat further bandwidth limitation (bin
summing) may be required if the multiplicity and/or the signal are lower than anticipated.
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7.17  TPC high voltage control system
G. C. Harper and. A. Trainor

Thedrift speedof electronan the gasvolumeof a time projectionchamberdependsnainly on the
gastemperatureind compositionwhich are subjectto small variationsduring operation. Inferenceof the
point of creation of charge by fast charggticlesfrom a nuclearcollision, andhencethe track geometry,
dependsn accurateknowledgeof the drift speed. It is thereforevery importantto maintainthe electron
drift speedasnearlyconstantas possibleandat a knownvalue. This canbe achievedoy creatinga servo
stabilization loop which has as input the periodically measureddrift times of known populationsof
electronsand which in turn controlsthe TPC drift field high voltageto maintainthis ‘time of flight' at a
constant value.

The STAR TPCfield cagehigh voltageservosystemconsistsof a correctionsignalderivedfrom
the time of flight of electronsphoto ejectedfrom the cathode(midplaneHV membrane)f the TPC by
periodiclaserpulses.This is the known electronpopulation. Eachtime-of-flight measuremenepresents
time sample of the effective drift speed (with some Poisson and other noise included).

At eachsampletime the drift speeds calculatedfrom the drift time of the ejectedelectrons. An
error signal updateis derivedfrom somelinear combinationof the presentand previoussamples. The
weightedsamplecombinationdeterminesn part the transferfunction of the regulationsystem. From the
errorsignala correctionis madeto the TPCHV. Onewantsto designa systemwhich minimizesthe drift
speed noise consistent with the limitations of the fundamental processes involved.

The systemwill includea 100 kV TPC cathodepowersupply,a time digitizer, an EPICSVME-
basedcontrol systemanda SUN workstation. This systemjn additionto the servocontrol capability, will
alsoserveasthe interfacefor the TPC high voltagesystemto the overall STAR slow controlssystem. A
schematic of the system is shown in Fig. 7.17-1.

Fig. 7.17-1. STAR TPC HV control system.
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7.16  Particlemultiplicity power spectrum analysis
P.B. Cramer and.A. Trainor

In previouswork one of us (T.A.T.) developedthe techniqueof power spectrumanalysis of
chargedparticle multiplicity distributionsin orderto provide model-independergensitivity to departures
from somenominaldistribution or null hypothesidor triggering purposes. A one-dimensionaversionof
the analysiswasmorerecentlyappliedto twenty HIJET events,of which ten were'normal’ eventsandten
were'special'eventsto which wereaddedone or two additionalenergyconcentrationgvan Hove 'plasma
bubbles)at specific pointsin rapidity. The placementsamountedto a total of 1-5 TeV at one or two
rapidity pointsout of a total collision systemenergyof about40 TeV at RHIC. We found a strong2-D
relationshipbetweencertain featuresof the power spectraand rapidity momentsof the addedenergy
distributions. These features (total power and phase) can be used &patternspacein which thereis
excellent separation between normal and special events.

We showherethe twenty eventson a patternspacederivedfrom aspectsof the powerspectrum.
For comparison,| also show a representatiorof the specialeventsin terms of momentsof the added
energieson rapidity. The results indicate that such analysis provides important, model-independent
information on the nature of tligCD energytransportprocessn nucleus-nucleusollisionsandmay serve
as a powerful trigger algorithm.

The quantitiesusedhereto definea patternspaceare not exhaustiveanddifferent patternspaces
or higher-dimensional spaces may be preferable. The details of the space are not as imfjetiegras
of independencef the variousdefinedquantities. As in the designof a polygraphonewantsa numberof
independentlegreeof freedomdefining a spacewhich canbe exploredby simulationsor by reactionsto
knowninputs(truthsandfalsehood®r knownanomalies).Oncethe spaceis definedin this mannerit can
be used to select events in a relatively bias-free way.

We havealsoextendedhis work to two dimensionsmainly for applicationto jet/minijet analysis
in the eventof an electromagneticalorimeterupgradeto the STAR baselinesystem. The intermediate
two-dimensionahutocorrelationn this analysisprovidesa convenienway to includekinematiccutsin the
trigger. The powerspectrumshowsexcellentsensitivity evento jet structuresnot visibly distinguishable
from background.

We showthe caseof a simulatedtwo-jet distribution at one sigma. Sincethis is a differential
techniquethe power spectrumfor a uniform or non-jet event would have a negligible power density
distribution by comparison.

Fig. 7.16-1. Bubble moments and pattern space.

Fig. 7.16-2 Two jet 2-D simulation.

Fig. 7.16-3 2-D analysis of two-jet simulation



8. CLUSTER IMPACT PHENOMENA

8.1 Cluster impact fusion using D,O icetar gets
J.F. Liang R. Vandenbosch and D.I. Will

A technique of making deuterated ice targets was developed to studig theclearfusioninduced
by the impact of clusterions. The advantageof usingice targetsis that they are more stablethan the
deuteratecpolyethylenetargets,which were usedin early experiments. Recently,Baeet al. studiedd-d
fusionreactionswith smallH,O clustersimpactingdeuteratedce targets? They observedhat the fusion
yieldsincreasedwith clustersizesof n = 2 to 4. This disagreesvith a theoreticalcalculatiort which shows
no enhancemen the fusion yields for small clusters. In this report, the resultsof studyingd-d fusion
induced by impacting oxygen clusters on heavy ice targets will be presented.

The ice targetwas madewith a copperbacking which hasan areaof 2.5 cm x 2.5 cm and
thicknessof 0.4 cm. The copperbackingwas cooledto 100K in the targetchamberundervacuum.The
coolingof thetargetwasachievedy attachinga 0.48 cm diametercopperrod to the copperbackinganda
liquid nitrogendewarmountedon the top of the copperrod as shownin Fig. 8.1-1. When the copper
backingwas cold, it was insertedinto an isolated chamberto get exposedto heavy water vaporsfor
approximately ten minutes. The uniformity and thickness of the ice target was checked by mteeining
d fusion yield using a 172.5 keV deuteron beam incident on different parts of the target.

The oxygen atomic and molecular anions were producedby the DEIS ion source. In this
experiment172.5keV O™ and345keV O, (172.5keV per O7), respectivelybeamswereused. A 5.6
mm aperture was installed to collimate the beam. The size of the bebatangetwasabout2 mm. The
beam current was read from the target by a current integraton@mtbredby an upstreanbeamscanner.
In orderto avoid melting the ice, the beamcurrentwas maintainedat lessthan18 enA. Additionally, the
target position was changed by 3.2 mm every 10 minutes to vary the spot irradiated.

The d-d fusion events were measured by collecting the 3 MeV protonsl(dgp®H in a 300 mn¥
surfacebarrier silicon detectorwhich was placed3 cm away from the centerof the target. A diffusion
pumpwas usedto pump on the targetchambersuchthat the vacuumwas 10 Torr or betterduring the
experiment.

The fusion yields inducedby the two different beamswere comparedby the numberof 3 MeV
protonsmeasuregber incidentclusterper Oxygenatomin the cluster. Theresultsare(3.92+0.06)x 1013
protons/Oxygenfor 172.5keV O™ and (4.45+0.86) x 1013 protons/Oxygerfor 345 keV O,. No
enhancemenin the fusion yield induced by O, was observedwithin the experimentaluncertainties.
Further studies using beams of larger oxygen clusters and water clusters are underway.

1R. Vandenbosch, D. Ye, J. Neubauer, D. I. Will, and T. Trainor, Phys. R&8;.3Y41 (1992).
2Y K. Bae, R.J. Beuhler, Y.Y. Chu, G. Friedlander, and L. Friedman, Phys. Ri8/.4461 (1993).
3C. Carraro, B.Q. Chen, S. Schramm, and S.E. Koonin, Phys. R&/.1879 (1990).
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Fig. 8.1-1. Apparatus for the ice target experiment.
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8.2 Stopping power s of atoms and atomic clusters
F. Liang, S. MoskowitzR. Vandenboscand W. Weitkamp

Clusterimpactswith solids are of increasinginterestfor a variety of reasons. Simulation$
indicate that local densitiesexceedthose achievablein a conventionalhigh pressureapparatus. Such
calculationsalso indicate that nuclearreactionratescan be increasedn suchan environment,although
convincing experimentalevidencefor this is lacking. Relatively little information is available on the
differencebetweenthe stoppingpowersfor clustersand single atoms,an effect known asvicinage. The
stopping power for molecular,Hs about 20% higher than for atomic H at energsveenl00and1,000
keV/atom, ass alsothe casefor molecularO, comparedo O at 2-3 MeV/atom? For largeCy, clusters(n
= 13) at 1 keV/atomthe oppositeeffectis predictec® We haveinitiated a study of vicinage effectsfor
carbonclusterslosing energyin thin carbonfoils. Thin carbonfoils areinsertedbetweenra silicon surface
barrier detectorand an atomic or cluster beamfrom a Cs sputtersourcefollowed by an electrostatic
accelerator.Our preliminaryresultsareshownin Fig. 8.2-1. The absolutevaluesof the atomic stopping
powersarein reasonabl@greementith the TRIM parameterizatichandwith the experimentatesultsof
Ormrodet al.> We plan to repeatand extendthesemeasurementwith a detectorwith a betterresponse
function in this energy domain.

Fig. 8.2-1. Atomic stopping powers measured for a carbon foil.

IM.H. Shapiro and T.A. Tombrello, Phys. Rev. L&t 92 (1990); M. Hautala, Z. Pan, and P. Sigmund, Phys.

Rev. A44, 7428 (1991); M. Haftel, Z. Phys. 24, 385 (1992).

2J.W. Tapeet al., Nucl. Instrum. Method$32, 75 (1976)

3V.1. Shulga, Nucl. Instrum. Methods 38, 422 (1991).

4).F. Ziegler, J.P. Biersack, and U. Littmark "The Stopping and Range of lons in Solids" Pergamon Press, New
York, 1985.

5J.H. Ormrod and H.E. Duckworth, Can. J. Phiis.1424 (1963).
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9. EXTERNAL USERS

9.1 Summary of single event effectstesting by BPSRC
P.P. Majewski,* J.D. Ness,* E. Normand*L. Oberg and J.L. Wert*

The Boeing Physical ScienceResearchCenter (BPSRC) has conductedSingle Event
Effects (SEE) testing for the SpaceStation at the University of WashingtonNuclear Physics
Laboratory. The NASA/Boeing SEE test chamber,describedpreviously! was usedin the dual
configurationfor testsusing the superconducting.INAC booster. Part of the systemwas then
transportedto the LawrenceBerkeley Laboratoryfor use with their 88-inch cyclotron to gain
access to high energy beams with ions heavier than nickel.

The remainingsystemat the NPL was modified to permit direct beamexperiments. A
perforatedplate beam attenuatorwas designedto reducethe direct beam currentto the level
requiredfor direct beamexposure. A scatteringfoil was thenusedto spreadthe beam. Tests
indicatedthat the intensity and beam spreadwere adequateo test devicesproperly. With the
presentsetup,the test systemis ideal for testing power MOSFET'sand has beenusedfor this
purpose on several occasions.

Severalpapershavebeensubmittedto the 9th Single EventEffects Symposiumaswell as
the 31st IEEE Nuclear and Space Radiation Effects Conference representing worktiteNe at
and other facilities.

9.2 Radiation effects on opto-electronic devices
G.A. Geissingérand E.W. Smith

Improvementsin opto-electronicdevicesfor operationin radiation environmentswere
suggestedby previousexperimenton optical materialsperformedast yearwith the University of
WashingtonVan de Graaff accelerato?. In this year'sexperimentsspecific optical components
weresubjectedo a rangeof energiesparticletypesandtotal doselevels. Thesecomponentsvere
thenusedin variousopto-electroniacircuits in our lab at Ball Aerospacen orderto evaluatethe
effectof radiationon the individual elementf a givendesign. With the resultsof suchtests,it is
possibleto modelthe responseof a given circuit designto the kind of radiationencounteredy
spacecraft in high or low altitude orbits or by sensors operating within a nuclear reactor.

*Boeing Defense and Space Group, P.O. Box 3999, MS 2T-50, Seattle, WA 98124-2499.
luniversity of Washington, Nuclear Physics Laboratory Annual Report (1993) p. 78.

tBall Aerospace Systems Group, Electro-optics and Cryogenics Division, Boulder Industrial Park,
Boulder, CO 80302.

2University of Washington, Nuclear Physics Laboratory Annual Report (1993) p. 78.
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9.3 Effects of fast neutronson proportional drift tubes
W.M. Dougherty, Z. Jin; R.S. Terry, W.G. Weitkamp and.C. Zhad

The University of WashingtonPhysicsDepartmentVisual TechniquesLab was awardedprime
responsibility for developmentof the Solenoid Detector Collaboration (SDC) muon detector of the
Superconductingsuper Collider detectorsystem. One problemwith that detectorwas that the neutron
responsedf the detectorwas unknown. The neutronflux in SDC experimentsvas expectedio be high.
Monte Carlo studiesindicatedthat at 1033/cm?/secluminosity in the SDC detector the neutronflux could
have been as high as 10%-10%cm?/sec behind the calorimeter, which was to have been 10 nuclear
absorptioriengthsthick wherethe centralmuontrackingchambersverelocated. The neutronflux wasto
have been one to two orders of magnitude higher in the forward region.

The basictracking elementsof the SDC muon detectorwere aluminumdrift tubeswith an inner
diameterof 9 cm anda maximumlengthof 9 meters. A drift tubehadtwo simplefield shapingelectrodes
which were supported by extruded Noryl plastic insulators. An Aj-g&38 mixture was used.

The neutronswhich affect thesemuon drift tubeswere expectedto have a very broad energy
spectrum. Becauseof the largedrift tube crosssection,the neutronhit rate pertubein the forward region
andat certainlocationsof the centralregionwas expectedo be high. Neutronswhich penetratehe drift
tubescan interactwith the chambergas, aluminumwall and the Noryl insulatorin severalways. The
productsof theseinteractionsyecoil nucleior secondanparticlesfrom a nuclearinteraction,canproduce
signalsin the proportionaltubes. A fraction of the neutroninducedsignalswill have amplitudesmuch
largerthanthe signalsproducedby minimum ionizing particles. Backgroundhits generatedy neutrons
can have a strong impact on the muon triggering and tracking.

The neutronresponsef thesetubeswas measuredit the NuclearPhysicsLaboratory. Neutrons
wereproducedby a pulsedbeamof deuterong1 nsecpulses)on a beryllium target. The flux andenergy
spectraof theseneutronsis well known!t and the spectrumis similar to the higher energy part of the
spectrumexpectedn the SDC detector. The neutronflux wasmonitoredby a Bonnersphereanda 6 inch
diametermlasticscintillator. Theaccompanying@ammaflux wasmonitoredby a 4x6 inch Nal scintillator.
The effectsof gammarays and neutronreactionsin the muon detectorwere separatedy using time of
flight techniques.

An array of shortdrift tubeswas exposedto the neutronbeam. The shapeand pulse height
spectrumof the signalsproducedby neutronswas studied. The intensity of the neutronbeamcould be
adjustedby changingthe deuteronbeamcurrentand by changingthe relative position betweenthe target
and the drift tubes. The effect of different neutronbackgroundevels on chargedparticle tracking was
investigated. The SDC muondrift tubegasmixture Ar-CO,, wasusedin this study. For comparisonthe
same measurements were also made using an Ag&dimixture.

The results of this measurement indicate that the muon drift tube sensitivity/mgd@on.

*Visual Techniques Laboratory, University of Washington, Seattle, WA.
1K.S. Weaver, J.D. Anderseon, H.H. Barschall and J.C. Davis, Nucl. Sci. an826§.(1973).

61



10. ELECTRONICSAND COMPUTER SYSTEMS
10.1  Electronic equipment
G.C. Harper, A.W. Myers anfl.D. Van Wechel

Projects undertaken by the electronics shop this year included the following:

a. An ion gauge translator was constructed which inputs two signamsattiessaandexponenpf
a vacuum reading, and outputs a monotonic function readableby a single ADC. Two channelsof
translator were built.

b. A vertical slit control systemfor the Injector deck that providesindependentontrol of the
positionof thetop andbottomslits. The slit mechanisms coupledthrougha chaindrive to a DC motor.
A ten turn potentiometercoupledto the DC motor providesa voltage that is proportionalto the slit
position, This voltage is comparedby a servoloop to the position setpointvoltage to control the slit
position. Slit positioncanbe setlocally on the deckwith a knob or remotelyfrom the touch screenn the
control room.

c. A log ampcircuit wasconstructedor usewith the Keithley digital picoammetenn the Injector
deck. This providesa logarithmicoutputvoltageto drive a chartrecorder. Noise and offset voltagedrift
on the output of the Keithley limits the range provided by the log amp to less than four decades.

d. A microcomputerbasedcontroller systemwas designed,constructedand installedin the
tandem terminal as a part of the tandem upgrade (See Sections 11.3, 11.4 and 11.5).

e. We havechangedhe procedurdor makingcircuit boards. We now useAUTOCAD to layout
the circuit board, then plot this layout to a postscript file. We invert the video piotiscriptiile anduse
a Laser printer to print the negative on transparency matdis. proceduregivesa higherresolutionand
an easierto handlenegative. We also changedo pre-sensitizedircuit boardmaterialanda 1% sodium
carbonatesolution to developthis circuit board material. This changehas decreased¢he amount of
chemicalgequiredto makea circuit board,decreasethe amountof time to makea circuit boardandhas
increasedhe quality andsharpnessf the circuit boardso that doublesidedcircuit boardsare as easyto
make as a single sided board.

f. Constructiorof a 150 MHz preamplifierto replacea unit from oneof the RF PowerLabs200
watt amplifiers that had burnegb andwasnot repairable. A newcircuit boardwaslaid out andinductors
and transformers constructed to replace non standard parts used in the original unit.

g. TheOrtec710Quadl1-Kv Bias supplyusedin the Mass8 apparatusvas modified so thatthe
output voltage ramps up slowevithout overshootingwhenrecoveringirom sparkson the output. A high
voltage shutdown alarm was also constructed.

h. A vacuumsensorsystemto provide readoutfrom four Moducell Model 325 pirani vacuum
sensor/pressure switches. The meters can display actual pressure or the vacuum switch setpoint.
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10.2 VAX-based acquisition systems
M.A. Howe,R.J. SeymoyrD.W. Storm and T.A. Trainor

Our principal data acquisitionsystem("Quark") consistsof a Digital VAXStation 3200/NTX
runningVMS v4.7a.We useVWS/UIS asthe "windowing" software. The VAXstation supportsa BiRa
MBD-11 controlled CAMAC crate. The VAXStation's BA-23 cabinetis cabledinto a BA-23 CC
expansiorcabinet,with a MDB DWQ11 Qbusto Unibus converterdriving our old PDP 11/60'sUnibus
expansiorbay. Our Qbusperipheralgncludea CMD CQD-220/TM SCSladaptera Seagaté&ST41650
1.38gigabytedisk,a TTI CTS-82108mmtapedrive,a DEC IEQ11IEEE-488buscontroller,anda DEC
DRV11-J. The Unibusbay containsa DR11-C,our Printronixlineprintercontrolleranda Unibuscableto
the MBD-11.

This main CAMAC systemcontainsinterfacemodulesfor our dozenTracor Northern TN-1213
ADCs. Those ADCs and other CAMAC modules ematrolledby anin-housebuilt coincidencenterface,
which includes routing-Or capabilities, and 32 10-digit 75 MHz scalers.

Additional CAMAC spaceis availablefor our LeCroy 2249s,2228sand 2551s. We havetwo
FERA 4300B ADCs, and two Phillips 7186 TDCs.

Our acquisition software is basedupon TUNL's XSYS, with major modifications to their
DISPLAY program.

We havetwo additionalVAX-basedacquisitionsystems. They run the samesoftwareas Quark.
Eachconsistsof a VAXstation 3200 with an Able Qniverterdirectly connectingto an MBD-11 with no
Unibus "drawer"required. One hasa 630 megabytedisk drive, and the otherhastwo. They are both
mounted in roll-around rack cabinets, and can be moved throughout the building as hesthedhasthe
main system's complex external interfacing equipment.

The acquisitionsystemgsemainedrelatively stablethroughoutthe year, with the primary software
activity being minor performanceenhancementand improvementof operatorerror messages. Many
changesequiredby the migrationof the analysispackageo the Alpha (seenext section)werefolded back
into the original source directories maintained on "Quark".
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10.3 Analysisand support system developments
J.G. Cramer, M.A. HoweR.J. SeymoyrD.W. Storm and T.A. Trainor

Most of this year'sanalysissoftwareactivity wasconcentratediponthe migrationof manyof our
packages to a Digital AXP 3000/400 (an "Alpha").

All of our offline analysisVAXes are running VMS v5.5-2. Five VAXstation 3100sand one
VAXstation 3200 form a VAXCluster with the 150 megaHertz Alpha.

The 3000/400has 96 megabytef memory,two 1.0 gigabytedisks,a CDrom, a 19 inch color
display, and occasional 8mm Exabyte tape drives attached to its externgd®C 8l is currentlyrunning
OpenVMS v1.5. As membersof the Digital's Campus Software License Grant program, we have
implementedigital's Fortran,C and C++ asits principal languagesandwe havemadeheavyuseof the
DECMigrate package.

The migrationof mostFortranand C packagesvas simple: recompileandrelink. The expected
speedmprovementgroughly threetimesfasterthanthe HP 9000/710sand up to forty timesfasterthan
our VAXstations) were usually realized. Large Monte Carlo programs,suchas Cascadepccasionally
exhibited model-relategerformancevariationsaswe exceededhe Alpha'scachesizesor sizeddataarrays
in mannerswhich "fought" its cacheaddressingnethods. We're still tuning and adjustingprogramsto
further improve their performanceon the Alpha. One of the usual consequencesf installing a faster
machineis that peoplechangetheir programsto stretchits capabilities. One user (J. Amsbaugh,see
Section 7.13) now commontynsa 100 megabytevirtual spacemodel,with occasionafunsrequiring300
megabyte®f virtual space. Simply retuningfor that applicationrequiredthat the systemdisk be cleaned
and defragmented to allow creation of a 680,000 block pagefile.

Most of the XSYS analysis package simpigvedto the Alpha via recompileandrelink. Someof
thesharedCOMMON areashadto berearrangedo provide quad-wordalignmentasrequiredto allow the
Alpha to run at full speed. The Alpha usesan 8192-byte"page"” (as comparedto the VAX's 512-byte
"page"),andthe shared-spac&reateand map" directivesand XSYS'smemoryallocationroutineshad to
be slightly modified to takethatinto account. SinceVMS's mappingworks with onephysicalpageasthe
smallestquantum the histogramallotmentand placementoutineswere changedo interrogatethe system
for the page size, and then to choose mapping sizes based upon that.

On the VAXs we use VWS/UIS routinesfor our XSYS displays. That packagehas not been
migratedby Digital to the Alpha platform. Thereforewe modified our versionof XSY S'sdisplaypackage
to useDECWindows,Digital's implementatiorof X windows. All of the functionality of our VWS multi-
window and mouse-interactivisplayhasbeenachieveddespiteX's greaterayersof filtering betweerthe
programand the hardwareinterface. Digital's Migration packageincludesan Alpha cross-compilerfor
VAX Macro code. This allowed us to easily move some low-level \W@athindanguageoutines. These
were later recoded in higher level languages after the major packages were running and tested.

The final stageof XSYS migration is the rewriting of the Eval compiler to generateAXP
instructionsinsteadof VAX instructions. The initial syntax analyzerhas been completed,the code
generator is in process.

We still have our 8 megabyte VAX 11/780ith connectiongo thirty-oddlocal terminals. Our in-
house VAXcomplemennow includesthe 11/780,four VAXstation 3100/30sa VAXstation 3100/38 five
VAXstation 3200s,anda VAXstation 2000. Therearethreeadditional3200sservingthe NuclearTheory
group. Threeof the 3200sform the Online Acquisition systemsdescribedabove.Another servesas the
Linac'scontrolanddisplaysystem. Thosefour machinesareall still runningVMS v4.7a.TGV's Multinet
providesour clusterwith TCP/IP accesdo Internet. Our primary Internetaddresds npl.washington.edu
(128.95.100.10). Bitnet access is via the campus central site's VAXes and IBM 3090 system.
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We purchase usedVAXstation 3100/30for useasan 19 inch color X terminal. It is beingrun
with a Digital-supplied VAX EIn image for that purpose.

Our work with NA35, NA49 and STAR relies upon our two HP 9000/710s,running HP-UX
v9.01. Theseareproviding world-visible World Wide Web (WWW) serviceof programsanddatarelated
to those projects, as well as a growing library of other NPL documents, including our annual reports.

We provide somesystemmanagemergervicesfor the Institutefor NuclearTheory. That remote
site hasthree DECstation5000/200'srunning Ultrix, eachwith 32 Mbytes of memory,color displays,a
total of 5 gigabytesof disk, two 4mm DAT drivesanda CDrom. Theseare currently beingupgradedo
three Alpha 3000/600s,two of which will becomeOpenVMS machines,and one shall be an OSF/1
platform. The Nuclear Theory division of the Physicsdepartmenthasinstalledtwo OpenVMS Alphas.
Those two machines, and the management responsibility therefore, has been transferred to Physics.
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11. VAN DE GRAAFF, SUPERCONDUCTING BOOSTER AND ION SOURCES

111 Van de Graaff accelerator operationsand development

L.L. Geissel, G.C. Harper, M.A. Howe, C.E. Linder, A.M. Myers, T.D. Van Wechel and
W.G. Weitkamp

The mostsignificantupgradeof the tandemacceleratoin the 29 yearsit hasbeenoperatinghas
begun. As mentionedast yeaf we requestedind obtainedD.O.E. funding for installationof a pelletron
charging system and a set of spiral inclined field beam tubes in the tandem.

The installationof the pelletronbeganin late November1993. Two problemscomplicatedthis
otherwisestraight-forwardnstallation. First, it wasnecessaryo install new columnresistors. Therewere
threereasondor this: First, the pelletronmanufacturet only guarantee®50 U A of upchargewe often
run morethan300 U A for heavyion beams. Replacingour 400 MQ resistorswith 800 MQ resistors
reducesthe required upchargeand solves this problem. Second,our existing resistor§ have been
decreasingn valueat a rate of 4.8 %/year,with the rms spreadn valuesincreasingoy 3.6%/year. These
changesare unacceptable. And third, other tandemlabs have reported much improved stability for
resistors shielded in metal tulfeg.he design for the new column resistors is discussed in Section 11.2.

The secondproblemwhich complicatedhe installationof the pelletronwasthat the pelletronwas
to take spacealongthe columnoccupiedby six lucite rods usedto control functionsin the terminal. We
replacedhe lucite rod control systemwith anin-terminalcomputer. The pelletroninstallationalsomadeit
impossibleto useour terminal ripple removersysten®? A pelletronis supposedo deliver chargeto the
terminalmuchmoreevenlythana belt sowe did not retainthe terminalripple remover. However,we did
leave the capability in placeto add the ripple removerlater if needed. The computerinstalledin the
terminal is described further in Sections 11.3, 11.4 and 11.5.

The acceleratomwasfirst run with the pelletronchargingsystemin mid December1993. It was
immediatelyclearthatpelletronchargingis superiorto belt charging. Ripple on the beamdecreasethy an
orderof magnitude. The vertical jitter we hadalwaysobservedn the beamleavingthe tandemwasgone.
And, evenafter extendedperationat high voltage,therewas no sign that chargewas beingdumpedonto
the columnasit hadovera periodof manyyears.(A numberof timesin the pastwe thoughtwe hadfixed
that problem, but it always reappeared.)

Operatingat high voltagewith the computerin the terminaldriven by a computeroutsidethe tank
madecontrol of the tandemsusceptibldo transientausedoy tank sparks. It wasnecessaryo do some
minor beefingup of terminal components. It was also necessaryo carefully shield all electricalleads
leavingthe tankandto surroundeachleadwith ferrite coresto reducethe transientdo an acceptabldevel.
The system now runs reliably; it is not fazed by 9 MV sparks.

The new spiral inclined field beamtubeswereto have beenshippedin Decemberl993, but the
manufacturér ran into problemswith the electrodematerialand has delayedshipmentby four months.
The problem has been solved and test reports for the two completed tube sections are satisfactory.

INuclear Physics Laboratory Annual Report, University of Washington (1993) p. 86.

2National Electrostatics Corp., Middleton WI.

SNuclear Physics Laboratory Annual Report, University of Washington (1992) p. 74.

4J.W. Noé, Symposium of North Eastern Accelerator Personnel, Notre Dame University, 1986, (World Scientific,
1987) p. 168.

5G.W. Roth and W.G. Weitkamp, Nucl. Instrum. Methads, 501 (1974).

8High Voltage Engineering Europa B.V., Amersfoort, the Netherlands.
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In additionto the tandemupgradewe havebeenimproving otheraspectf the control systemof
the tandemas describedin Section11.5 and have beendesigningan ion sourceto be installedin the
terminal of the tandem, described in Section 11.6.

During the year from March 1, 1993 to February 28, 1994ath@emoperated3, 782hourswith a
belt and 565 hours with a pelletron, for a total of 4347 hours. Additional statisticsof accelerator
operations are given in Table 11.1-1.

Table 11.1-1. Tandem Accelerator Operations
March 1, 1993 to February 28, 1994

Activity Days Percent
Scheduled
A. Nuclear Physics Research, lon Sources Alone 12 3
B. Nuclear Physics Research, Tandem Alone
Light lons 87 23
Heavy lons 9 3
Accelerator Mass Spectrometry _9 _ 3
Subtotal 105 29
C. Nuclear Physics Research, Booster and Tandem Coupled
Light lons 8 2
Heavy lons _71 _20
Subtotal 79 22
D. Outside Users
University of Washington Physics Department 3 1
Ball Aerospace Systems Group 6 2
Boeing Company, Tandem Alone 1 <1
Boeing Company, Tandem and Booster Coupled  __ 2 <1
Subtotal 2 3
E. Other Operations
Tandem Development 71 20
Tandem Maintenance 49 13
Unscheduled Time _37 10
Subtotal 157 43
Total 365 100
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11.2 Newresstorsfor thetandem acceerator
L.L. Geissel, C.E. Linder and/.G. Weitkamp

Beginning in 1992, when a need tonewresistordesignbecameapparentye ran a seriesof tests
on five brandsof metaloxide high voltageresistorsall of which werespecifiedfor a maximumcontinuous
operatingvoltageof atleast30 kV anda continuougpowerof a least12 watts. We purchase®0 or more
of eachtype and installed test assembliesn our accelerator. The assembliexonsistedeither of our
standardong PVC tubesor metaltube shieldsof thetype describedbelow. The criteriafor our testwere:

1) the resistorsshouldnot changeresistanceduring high voltageoperations2) the mechanicatolerances
shouldbe appropriateor usein precisionshieldstructures3) the resistorsubstrateshouldbe sufficiently
rugged to withstand assembly, installation and normal use and 4) the resistors should be economical.

EBG resistorswere judged to be the best overall with respect to these criteria. This bramad, has
to our knowledge,beenusedin this applicationpreviously. Besidesperformingwell and having good
mechanical uniformity, EBG resistors are among the least expensive and the factory will deliveeks 6
not the 12 weeksquotedby the othersupplier. It is importantto notethat our testingwas not exhaustive
becauseof limitations in time and the availability of resistors,i.e. we did not test all resistorsin all
configurations.

We basedour designof the tube and spark gap to protect the resistor on the Florida State
University?2, Notre Damé and Oak Ridge* designs. There are two resistorsto a column plane. Each
resistoris mountedhorizontallyinsidea 1 inch OD metaltube. At the free end of the resistor,a disk is
attached to the resistor, forming a spark gap with the end of the tube.

We have madethreeinnovationsin the designof the resistormounting. First the resistorsare
connectedogetherby #14 copperwire crimpedinto Mate-N-Lok pins. Thesepins havespringtabswhich
hold tightly in a small hole. The connectoris easyto remove,cheapto makeandreduceshe numberof
screwswhich canfall into the column. The secondnnovationis to usea stainlesssteelspinningas half of
the sparkgap. This is lighter in weightthanthe disks usedin otherdesignsso it putslessstresson the
resistorandis alsocheapeito make. The third innovationis to useinterior starlock washergo not only
keep the parts from unscrewing but also to give a some adjustability to the alignment of the resistor.

Nearlyall the partsfor the required800 resistorshieldsweremadein our own shops;considerable
effort was spent in devising jigs and tooling to make the construction patksasinexpensivebut precise
as possible. The resistorsand shields were carefully assembledso as to maintain a spark gap of
0.100+ 0.005inch. Our calculationsindicatethat this gap givesprotectioncomparabldo the sparkgaps
on the column.

Half the resistorsare mountedon the top of the columnandhalf on the bottom. At the sametime
that we installed resistors,we polishedthe column end pieces(to which the resistor are attached)to
minimize sharp points which could induce column sparks.

After oneresistorconnectorfailed becauset was hit by a spark,we enclosedhe connectorsand
connecting wire in a short piece of plastic tubing. No further failures have occurred.

1EBG Inc., Camp Hill PA.

2K.R. ChapmanSymposium of North Eastern Accelerator Personnel, Kansas State University, 1990, (World
Scientific, T.N. Tipping and R.D. Krause, eds., 1991) p.175

3E. BernersSymposium of North Eastern Accelerator Personnel, Chalk River, 1990, to be published.

4N. Jones and P.F. Pittner, Nucl. Instrum. Metho®23, 191 (1991).
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11.3 Tandem terminal computer
G.C. HarperC.E. Linder, AW. Myers, T.D. Van Wechel and W.G. Weitkamp

The control scheme for the various tandem terminal functions has been cliangagetof lucite
rods running the length of the columnto a commercialmicroprocessor-basezbntroller operatingin the
terminal. This has madeit easierto accommodatehe upgradeof our tandemto a pelletron charging
system. The alternativeto this would havebeento move the lucite rodsto someotherlocationto make
roomfor the pelletron,which would haveinvolveddrilling newholesin the tank anddevisingnewlinkages
for therods. We decidedthat this would be difficult to design,increasedowntime for the conversionand
leave us restricted to the limitations in flexibility inherent to the mechanical control rods.

The computerselectedis the ControlNefM deviceinterfacefamily systemmadeby Group 3.1
The hardwarepackageconsistsof a small (13.9 cm by 7.6 cm by 12.8 cm) enclosurewhich acceptsa
processoboardandthreeinterfaceboards. Interfaceboardspresentlyavailablefrom Group 3 includea
single channelfast ADC/DAC with 16 bit resolution,a digital I/O boardwith 24 channelsselectableas
eitherinput or output,an 8 channelADC board,an8 channeDAC board,andmotor controllerboardsfor
either 4 DC motors or 4 stepping motofRowerfor the computerandexternaldevicess providedby a 28
VDC directoff-line switchingpowersupplywhichwill acceptDC, 60 Hz AC or 400Hz AC input power.
This simplifiestestingwith the tank openbecauseave canplug the computerinto a 60 Hz sourceof power
rather than start the chains to run the terminal alternators.

The processoboardcommunicatesvith a loop controller boardthrougha fiber optic link. The
loop controllerboardfits into any IBM 386/4860r compatiblecomputer. For the fiber optic link we used
two strandsof an inexpensivg($0.90 per foot),2 unjacketedplastic fiber with optical propertiesmatching
thoserequiredby the controller. We choseunjacketedfibers becausgacketedfibers exhibit tracking
problemsalong the jacket-fiber interface where small voids can be left partially evacuatedrom tank
pumping. We built a tank feed-throughoy epoxyingtwo shortstrandsof thefiber into a steelplug. The
fibers andfeed-throughare connectoredvith Hewlett PackardHFBR seriesconnectordo be compatible
with the computer and loop controller.

The doubleshieldingfor the controlleris our own designand consistsof two weldedaluminum
enclosureslectrically isolatedfrom eachother exceptfor a single contactpoint. We chosethe contact
point to be a copperconduit which penetratedoth boxes. The conduithasa lengthto diameterratio
greaterthan 10 andactsas a wave guide below cutoff. This greatly reducesany RF energyenteringthe
boxes. This conduitis alsousedto routethefiber opticsinto the shieldedenclosure. The inner enclosure
was designedto be large enoughto accommodatdwo Group 3 device interface modules. Electrical
penetrationf the enclosuresare through Tt-type feed-throughfilters. Additional filtering betweenthe
enclosures iby boardmountedT-typefilters which havea very high insertionloss. Transientsuppressors
are usedto shunttransientsto caseground at the outside of both enclosures. All of the filters and
suppressorgare commercially available and inexpensive. We have designedand manufacturedsmall,
modular printed circuit boards to house the filtering sungpressiotomponentsandusedthe feed-through
filters as a basefor connectoringtheseboards. This producesan assemblywhich is modular, easily
disassembled, and easily serviced.

1Group 3, Auckland, New Zealand, and distributed by GMW Associates in Redwood City, CA.
2Edmund Scientific Company.
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114  Tandem terminal controls
G.C HarperC.E. Linder, AW. Myers, T.D. Van Wechel and W.G. Weitkamp

A microcomputebasedcontrollerwasinstalledin the terminalof the tandemthis yearasa part of
the tandemupgrade. This hasprovidedthe lab with a meansto control and monitor terminal parameters
thatis bothflexible andeasyto expand. The controlleris describedn Section11.3. Theinterfaceboards
thatwe areusingat this time area 24 channeldigital I/O boardconfiguredwith 12 inputsand12 outputs,
an 8 channel analog input board, and a 4 channel DC motor controller board.

The computerpresentlycontrols the terminal vertical and horizontal steerersthe stripper foil
mechanismthe gas stripper canal position, and the stripper canal gas delivery system. The terminal
steeringsystemseachconsistof two high voltage power supply moduleswired in oppositionwith AC
inputs taken fronthe wiper of a variac. Rotationof eachvariacis controlledby a DC motordrivenby the
DC motor control board. The AC output of eachvariacis coupledthrough an isolation transformer,
rectified, filtered and attenuatedy a resistordivider to produceDC voltageinputs for the analoginput
board. This provides us with an indication of the relative steering settings.

The foil strippermechanismis driven by a DC motor whosedirection is controlled by a relay
energizedy thedigital I/O board. The foil mechanisms startedby a momentarysignalfrom the digital
I/O boardand stoppedafter eachrevolution by the action of a microswitchdroppinginto a detent. The
Gordocontrolcomputer(seeSection11.5) monitorsthe requestedlirectionandthe microswitchclosureto
keepa runningfoil count. We are presentlyironing out a bug which occasionallycausesan unrequested
foil increment during the power up or power down sequence of the terminal computer.

The gasstripper canalis driven into and out of the beamwith an existing 10 turn mechanical
device. This is alsoturnedwith a DC motor. The in and out positionsare indicatedby microswitches
connectedo thedigital I/O board. Thetravelis limited in both directionsby anothersetof microswitches
operatedn parallel. The gasdelivery systemhasa cutoff solenoidvalve which is actuatedoy a 28 VDC
line from the switching supply that powers the computer. The 28 VB®@itchedby a relay drivenby the
digital I/O board. The motor controllerboardrunsa DC motorwhich turnsa precisionneedleleak valve.
Themotoralsodrivesa 10 turn pot which, whenconnectedo the precision5 VDC supplyfrom the motor
control board, provides a readback of the valve position through one of the analog inputs.

To date,the computerhas runwith the terminalat 9.0 MV for eight hoursof conditioningduring
which over 50 tank sparkswere logged, after which we stoppedcounting. In addition, we have had
experimentalunsof over 250 hoursdurationwith a terminalvoltageof 8.5 MV to 9.0 MV during which
many unloggedtank sparkswere producedwith no interruption of service. Each spark producesa
momentary discontinuity in the terminal computer data stream, but a test performed using a phmia flash
near the unjacketed fiber optics gave a strong indication thatisiesntinuityis causedy the intenselight
disturbanceproducedby the sparkratherthanan electricaldisturbance. The systemlogs an error in the
data stream and then resumes operation with no apparent change in any of the terminal parameters.
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115 Expansion of thetandem controller
G.C. HarperM.A. Howe, C.E Linder, AW. Myers and T.D. Van Wechel

Lastyearthe 20 yearold TexasInstrument5TI-1000 Sequencewas replacedwith a 80386c¢lass
PC running a control programwritten in C++. This controller (Gordo} hasthe job of controlling the
tandemvacuum system, the low energy buncherinterlocks, the Faradaycup interlocks, some of the
radiationsafetysystemandthis yearwas expandedo includethe tandemterminalvertical and horizontal
steerereghe gasstrippersystemandthefoil strippermotor. Controlis basedon ladderdiagramgthat can
be changed without stopping the controller. See Fig. 11.5-1 for a typical display screen.

Until this year the Gordo'sl/O was strictly binary. With the addition of the tandemterminal
microprocessofseeSectionl1.3)the needaroseto be ableto processanalogsignalsaswell. Meters,bar
graphs, digital displays, charts, motor controls, and DACS were adtiestypesof deviceswhich canbe
displayedby Gordo. All analogdisplay deviceshaveupperandlower limits that canbe usedin interlock
logic or alarms. The chartscansampleeitherbinary or analoginformationat userdefinedsamplingrates.
All deviceinformationis also forwardedto the Linac control systemfor display and interactionin the

control room.

In the nearfuture, the Gordowill be expandedo be ableto accesd6 moreADC channels. These
channelswill be usedto provideinterlocksfor the tandemvacuumsystemandto echothe tandemvacuum
information to the Linac control system.

Fig. 11.5-1. A typical Gordo display page.

INuclear Physics Laboratory Annual Report, University of Washington (1993) p. 89.
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11.6 Tandem terminal ion source
L. De BraeckeleelG.C. HarperD.W. Storm, K.B. Swartz and W.G. Weitkamp

Part of the mass-8beta-decayexperimentrequiresa high intensity beamof 3-Mev 3He. The
machinetime that would be necessaryor this part of the experimentusing the existing alphasourceis
estimatedo be severaimonths. In orderto reducethis time, a studywasinitiated lastyearto examinethe
possibility of installing anion sourcecapableof producinghigh intensity beamsof 3Het and“He* in the
terminalof the Van de Graaff. An RF dischargesourcehasbeenpurchasedrom NEC andtestingof the
source began this year.

In the configurationanticipatedor the experimentthe foil changerin the Van de Graaffterminal
would be removedfrom its port, whichis 60° off the beamaxis, andin its placethe RF dischargesource
would be installed. The beamfrom the ion sourceis to be deflectedthrough60° back onto the Van de
Graaff beam axis by a permanent magnet assembly. Extraction and optical matchihgaontiadeis to
be provided by an einzel lens and extractor assembly designed and built last year.

lon sourcesof this variety with a 2 mm diameteraluminum canal are specifiedto deliver 400
pampsiH+ and200 pamps of 4He" with expectedbutputcurrentinverselyproportionalto Jm wherem
is themassof theion in AMU. Thegasloadproduceds of theorderof 1 to 2 mTorr-l/sec. We expectto
use an extraction voltage of 18 kV.

We havepurchasedh sourcewith a 1 mm diametercanal. In an RF dischargesourcewith canal
diameterD, the gasflow is expectedo be proportionalto D3 and the outputcurrentproportionalto D2.
We expecta sourcewith a 1 mm canalto deliver about60 pamps of 3He* with a gasload of about0.2
mTorr-l/sec. Initial testshaveshownthat the sourcewith extractorassemblyproducesonly 3 pamps of
analyzedbeamwith a gasload of 1.8 mTorr-l/secwhen optimized. An unanalyzedoeamof about40
pnampshas been measured at the output of the extractor assemblysihgéHe gas,but only 30 pamps
were observedwhile using hydrogen. The sourcewas run with an unusually low probe voltage to
maximize the beam. Maximum beam occurred for a probe setting of 1 kV where 6 kV was expected.

We have contactedhe manufacturerand discussedhis discrepancy. We providedthem with a
sketch of our extractor and einzel lens design and they recommended modifying the exlieatttman a
way that would increasethe downstreamapertureand eliminatea possibleconstrictionin the beam. We
were alsoadvisedto polish the surfaceof this electrode. Thesemodificationshavebeencarriedout and
further tests of the source will be performed this year.
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11.7 Booster operations

J.F. Amsbaugh, D.T. Corcoran, G.C. Harper, M.A. Haw#&Y. Storm D.I. Will and
J.A. Wootress

During the periodMarch 1, 1993to February28, 1994 ,the boosterwas operatedor 81 days,as
comparedo 48 daysin the sameperioda yearearlierandto 71 daysin the sameperiodtwo yearsearlier.
This increasas in spite of the shutdownof the tandemfor installationof the new chargingsystemandthe
associated terminal controls.

Beamsrangedin massfrom 1H to 58Ni, andincludedHe, 12C, 16.180, 325 40Ca, and>8Ni. This
year there were more runs wifCa than any other beam.

In March we openedcryostat #1 to replacea couplerandto replacethe ion gaugefilament. We
warmedandventedcryostat#5 to replacetheion gaugefilament, but asno otherrepairswerenecessarjt
wasnot opened. For mostof the yearwe wereableto operateall but one of the 39 resonators.That one
hada couplerstuckat strongcoupling. As of February,however,two more couplersare stuck at strong
coupling. Thesewill be repairedduring the next few months. We continueto operatethe low beta
resonatorst anaveragdield of 3.0 MV/m andthe high betaonesat averageof 2.4 MV/m. Most of these
resonatorsvere platedwhenthe linac was being assembleaver five yearsago. Approximatelyfour of
them were replaced with replated ones three or four years ago.

Someof the Leybold-Hereaugurbomolecularpumpswith greasedsteel bearingshad exhibited
mediocrelifetime and,whenrepaired the lifetimes were often lessthan onethousanchours. The older of
thesepumpshadrun for 40 to 50 thousandhours,and were beginningto fail. Consequentlywe decided
two yearsagoto replaceall the pumpswhich usedgreasedsteelbearings. Someof thosewhich operate
with the rotation axis vertical and the bearingsdown havebeenreplacedwith units using oiled bearings.

Theremaindehavebeenreplacedwith pumpsusinggreasederamicbearings. Either of theseoptionshas
given good service, with no failures to date.

We hadonecompressofailure this year. At 56k hoursthe motor shorted. Our oldestcompressor
now has 63k hours.

73



11.8 Improvementsto thelinac control system
M.A. Howe

The Linac Control Computerhad two hardwarefailures last year. Last summerthe main code
developmenharddrive beganshowinglargenumbersof errorsandwasreplacedwith a 250 MByte SCSI
drive. In Januarya fanin the expansiorcratefailed andcausedhe failure of the DHV11 serialinterface
board. That board is the interface to most of the satellite controllers and was replaced.

The Linac control system(CSX) wasgrantedacces3o moretandemparametersvith the addition
of the Group 3 microcomputeiin the terminaland the modificationsto the Gordo controller (seeSections
11.4and11.5). A displaypagewasaddedto provide an interfaceto the terminalvertical and horizontal
steerersthe stripperfoil mechanismthe gasstrippercanalpositioningmotor, andthe gasstrippercannel
gas delivery system.

A vacuumrecoverypagewasaddedo streamlingherestartof the Linac vacuumsystempumping
stations. This pageis an interfaceto a seriesof finite statemachineghatrun threetimesper secondand
make statetransitionsbasedon the currentstate of eachpumpingstation. Any or all stationscan be
selected on the touch screen for start up.

CSX cannow makea postscripthard copy of most display pagesin black and white or color.
Pagedhatcannot be hardcopiedarethosethatrely on 'tricks' suchasoff screerbitmapsthatare usedto
speed up some of the complex display operations.

In the nearfuture, the Cavel Gordowill be operationalandwill makeavailableto CSX a large
number of parameters from the cave vacuum systems and the radiation safety system.
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11.9 Cryogenic operations
M.A. Howe,D.l. Will and J.A. Wootress

The boosterlinac is cooledby liquid helium which is thermally shieldedby liquid nitrogen! A
Koch Process Systems, Inc, 2830S Helium Refrigeratontinuously reliquifies helium purchasedoatk
gas. Helium usage of 223,100 SCF in 1993 increh8&elofrom thatin earlieryears? Extensivesniffing
with a helium leak detectorrevealedthreemajor heliumloss sites. Two wereon RS ScrewCompresser
skid 2 (subsequent to failure and replacement of the mong),andthesewerereadilyresealed.Thethird
and largest loss site has been traced to the witrogengasexhausfrom therefrigerator'diquid nitrogen
precoolsystem. This precoolsystemconsistsof the following itemslistedin orderfrom inlet to outlet: an
inlet solenoidvalve controlledby a liquid level sensorin a liquid nitrogen phase-separatgiot (E-12), a
two-passagaluminumplate-fin heatexchanger(HX-1B, in parallelwith E-12) which dumpsheatfrom
warm supply-pressurdelium to boiling liquid nitrogen, a safety relief line and valve, a three-passage
aluminum plate-fin heat exchanger (HXtignsferringheatfrom warm supply-pressuréeliumgasto cold
return-pressuréelium gas and/or nitrogenvapor, and an exhaustcheckvalve. The leakageof 4 scfm
helium must occur in one or both heat exchangerdHX-1 and/or HX-1B). With warm nitrogen gas
introducedinto the pressureelief line betweenHX-1 andHX-1B andwith both inlet and exhaustopento
atmosphereall theleakingheliumappearedt theinlet port (on the upstreamarm including only HX-1B).
The exhausstream(from the downstreamarm including HX-1) showeda helium concentratioressentially
the sameasthatin the prepurenitrogengasflowing into the pressureelief line. Helium flows passively
through HX-1B wheneverthe refrigeratoris in use, but only initial precoolof the refrigerator during
startup(a twice yearly occurencehere)requiresactive heattransferfrom HX-1B.4 The temporary(and
perhapssemi-permanentyolutionto this helium leakagehasbeento sealoff the liquid nitrogenprecool
systemat its inlet and outlet (when the precoolis not in use). Thus sealedthe systempressurizeswith
helium to the supply pressureof = 2505 On the inlet line a 300 psig working pressureglobe-pattern
pneumatic inlet valvéollowed by a checkvalve replaceghe original low pressurenlet solenoidvalve. On
therelief line a 300 psig safetyrelief replaceghe original low pressureelief. Onthe exhaustine a larger
flow capacity 300 psig safety relief valve and a ball valve with a microswitch sensingthe fully open
position have been added upstream of the existing exhaust check Madé@neumatianlet valve poweris
enabled only when the outlet ball valve microswitch indicates fully open.

A seconf RS ScrewCompressofailed during 1993 whenits motor windings shortedphase-to-
phase. A replacement pump core westalledsuccessfullyandis now runningdesignatedsRS-2a. This
table shows screw compressor history here as of 1994 March 14:

Item Total 1993 Status Maintenance
RS-1 62,933 hours 8339 hours running replaced charcoal, oil
RS-2 55,958 hours 5117 hours phases shorted core removed 1993

RS-2a 3682 hours 2444 hours installed 1993, runnin¢ new charcoal, oil

RS-3 22,752 hours 0 hours shorted to ground core removed 1990
RS-3a 32,008 hours 8387 hours running since 1990  replaced charcoal, oil

1In 1993, shielding consumed 226,100 gallons of liquid nitrogen, an amount similar to previous years.

2A trademark of Process Systems International, Inc.

SNuclear Physics Laboratory Annual Report, University of Washington (1993) p. 88; (1992) p. 84.
4Cooling capacity of 500 watts at 4vdthout liquid nitrogen exceeds quiescent heat influx of ~100 watts plus
maximum rf power input of ~350 watts.

5The working pressure of the liquid nitrogen precool system, 300 psig, is adequate for this purpose.
SNuclear Physics Laboratory Annual Report, University of Washington (1991) p. 78.
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13. DEGREE GRANTED, ACADEMIC YEAR, 1993-1994:

"Search for Entrance Channel Effectsin Sub-Barrier Fusion Reactions,” Aaron W. Charlop, Ph.D. Thesis,
University of Washington (1993).
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14. LIST OF PUBLICATIONS FROM 1993-1994
Published papers:

"Absence of anomalous entrance channel effects in sub-barrier heavy ion fusion,"” A. Charlop, J. Bierman,
Z. Drebi, A. Garcia, D. Prindle, A.A. Sonzogni, R. Vandenbosch, D. Ye, S. Gil, F. Hasenbalg, J.F.
Testoni, D. Abriola, M. di Tada, A. Etchegoyen, M.C. Berisso, J.D. Fernandez-Niello and A.J. Pacheco,
Phys. Rev. @9, R1235 (1993).

"Accelerator calibration of solar neutrino detectors," E.G. Adelberger, L. De Braeckeleer, W.C. Haxton
and K.A. Snover, Phys. Lett. 84, 185 (1993).

"Search for a phase transition in the nuclear shape at finite temperature and rapid rotation,” M. Kicinska-
Habior, K.A. Snover, J.A. Behr, C.A. Gossett, Y. Alhassid and N. Whelan, Phys. 1368, B25 (1993).

Refinements of the nucleon-exchange transport model for the emission of hard photons and nucleons,” S.J.
Luke, R. Vandenbosch and J. Randrup, Phys. Rd8, 857 (1993).

"Restoration of isospin symmetry in highly excited compound nuclei,” J.A. Behr, K.A. Snover, C.A.
Gossett, M. Kicinska-Habior, J.H. Gundlach, Z.M. Drebi, M.S. Kaplan and D.P. Wells, Phys. Rev. Lett.
70, 3201 (1993).

“Intra-annual variability of the radiocarbon content of corals from the Galapagos Islands,” T.A. Brown,
G.W. Farwell, P.M. Grootes, F.H. Schmidt and M. Stuiver, Radioc&8b@), 245 (1993).

"A test of the Equivalence Principle for ordinary matter falling toward dark matter," G. Smith, E.G.
Adelberger, B.R. Heckel and Y. Su, Phys. Rev. [#}t123 (1993).

"Improved limits on scalar weak couplings," E.G. Adelberger, Phys. Rev7De#856 (1993).

"Gamma width of40*(5.17 MeV) and the stelld®N(p,y ) reaction rate," M.S. Smith, P.V. Magnus, K.I.
Hahn, R.M. Curley, P.D. Parker, T.F. Wang, K.E. Rehm, P.B. Fernandez, S.J. Sanders, A. Garcia and
E.G. Adelberger, Phys. Rev.4Z, 2740 (1993).

"Impact parameter dependence of pre-equilibrium particle emission,” D.J. Prindle, R. Vandenbosch, S.
Kailas, A.W. Charlop and C.E. Hyde-Wright, Phys. Re¥i8C291 (1993).

"Measurement of the magnetic form factor of the neutron,” P. Markowitz, J.M. Finn, B.D. Anderson, H.
Arenhovel, A.R. Baldwin, D. Barkhuff, K. Beard, W. Bertozzi, J.M. Cameron, C.C. Chang, G.W. Dodson,
K. Dow, T. Eden, M. Farkondeh, B. Flanders, C. Hyde-Wright, W. Jiang, D. Keane, J.J. Kelly, W.
Korsch, S. Kowalski, R. Lourie, R. Madey, D.M. Manley, J. Mougey, B. Ni, T. Payerle, P. Pella, T.
Reichelt, R.M. Rutt, M. Spraker, D. Tieger, W. Turchinetz, P.E. Ulmer, S. Van Verst, J.W. Watson, L.
Weinstein, R.R. Whitney and W.M. Zhang, Phys. Re¥8CR5 (1993).

"Rotational state populations 0 +154Sm near-barrier fusion," J.D. Bierman, A.W. Charlop, D.J.
Prindle, R. Vandenbosch and D. Ye, Phys. Red8,(319 (1993).
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"Statisticaly decay of the giant dipole resonance in highly exd#&dand>2Cr," G. Feldman, K.A.
Snover, J.A. Behr, C.A. Gossett, J.H. Gundlach and M. Kicinska-Habior, Phys. BE&v1436 (1993).

"Review of superconducting booster linacs," D.W. Storm, Nucl. Instrum. Meth8a8,213 (1993).

"The STAR experiment at the relativistic heavy ion collider," J.W. Harris and STAR collaborators, Nucl.
Phys. A566, 277c (1994).

"Hadron production in S + Ag and S + Au collisions at 200 GeV/nucleon," D. Rohrich for the NA35
Collaborators, Nucl. Phys. 566, 35c (1994).

"Charged hadron distributions in 200 GeV/A S + Au collisions: A look at stopping," J.T. Mitchell for the
NA35 Collaborators, Nucl. Phys. 366, 415c (1994).

"New data on the strangeness enhancement in central nucleus-nucleus collisions at 200 A GeV," M.
Gazdzicki for the NA35 Collaborators, Nucl. Phys5@6, 503c (1994).

"Rapidity and transverse momentum dependence of thettwamirelation function in 200 GeV/nucleon S
+ nucleus collisions," G. Roland for the NA35 Collaborators, Nucl. Ph$66A537¢c (1994).

"A study of correlation integrals in proton-nucleus and nucleus-nucleus collisions,” B. Wosiek for the
NA35 Collaborators, Nucl. Phys. 366, 593c (1994).

"Astrophysical S-factor of C(a,y)*®0 from the beta-delayed alpha-particle emissioHNf" Z. Zhao,
R.H. France lll, K.S. Lai, S.L. Rugari, M. Gai and E.L. Wilds, Phys. Rev. T@t2066 (1993).

"Study of the beta-delayed alpha-particle emissictdf' Z. Zhao, R.H. France Ill, K.S. Lai, M. Gai,
E.L. Wilds, R.A. Kryger, J.A. Winger and K.B. Beard, Phys. Re48C429 (1993).

"Broken reflection symmetry itt4Xe," S.L. Rugeri, R.H. France Ill, B.J. Lund, Z. Zhao, M. Gai, P.A.
Butler, V.A. Holliday, A.N. James, G.D. Jones, R.J. Poynter, R.J. Tanner, K.L. Ying and J.Simpson, Phys.
Rev. C48, 2078 (1993).

"Energy loss of 70 MeV protons in elements," H. Bichsel and T. Hiraoka, Nucl. Instrum. Metb6ds B
345 (1992).

"Energy loss of 70 MeV protons in organic polymers," T. Hiraoka and H. Bichsel, MedicaBh¥85
(1993).

"Atomic interactions of charged particles with matter,” H. Bichsel, J. Chimie Physique et de Physico-chimie
Biol., 90, 617 (1993).

"Stopping power and ranges in heavy elements," H. Bichsel, Phys. Réy5&61 (1992).
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Paper s submitted or to be published:

"Modern tests of the universality of free fall," E.G. Adelberger, Journal of Classical and Quantum Gravity,
to be published.

"Quantum mechanics and Bell's inequalities,” R.T. Jones and E.G. Adelberger, Phys. Rev. Lett., to be
published.

"Energy of the 'hot CNO cycl&N(p,y ) resonance and ti&8\e mass," P.V. Magnus, E.G. Adelberger
and A. Garcia, Phys. Rev. C, to be published.

"Current status of thE'C AMS program at the University of Washington," T.A. Brown, G.W. Farwell and
P.M. Grootes, Proceedings of the 6th International Conference on Accelerator Mass Spectrometry, Sept.
21-Oct. 1, 1993, Nucl. Instrum. Methods B to be published.

"Energy loss of 70 MeV protons in tissue substitute materials,” T. Hiraoka, K. Kawashima, K. Hoshino
and H. Bichsel, Phys. Med. Biol., to be published.

"Energy deposition by relativistic heavy ions in thin argon absorbers," M. Pfutzner, H. Geissel, G.
Munzenberg, F. Nickel, Ch. Scheidenberger, K.-H. Schmidt, K. SUmmerau, T. Brohn, B. Voss and H.
Bichsel, Nucl. Instrum. Methods B, to be published.

"New tests of the Equivalence Principle," Y. Su, B.R. Heckel, E.G. Adelberger, J.N. Gundlach, M. Harris,
G.L. Smith and H.E. Swanson, submitted to Phys. Rev. D.

"Potentials that permit a uniqueness theorem,” D.F. Bartlett and Y. Su, submitted to Amer. J. Phys.

"The astrophysical p wave S-factor'd€(a,y)™0 from the beta-delayed alpha-particle emissiotfif"
Z. Zhao, R.H. France lll, M. Gai, E.L. Wilds, submitted to Phys. Rev. C.

"The coulomb dissociation 88 and the’ Be(p,y)®B reaction at low energies," T. Motobayashi, N. lwasa,
Y. Ando, M. Kurokawa, H. Murakami, J. Ruan (Gen), S. Shimaura, S. Shirato, N. Inabe, M. Ishihara, T.
Kubo, Y. Watanabe, M. Gai, R.H. France Ill, K.I. Hahn, Z. Zhao, T. Nakamura, T. Teranishi, Y. Futami,
K. Furataka and Th. Delbar, submitted to Phys. Rev. Lett.

Abstractsand other conference presentations:

"Variation of thel4CH, concentration of the northern hemisphere atmosphere,” T.A. Brown, AMS in the
Environmental Sciences Workshop, Sept. 23-24, 1994, Institute of Geological and Nuclear Sciences,

Lower Hutt, New Zealand.

"Preparation of samples f&#C AMS at the University of Washington Nuclear Physics Laboratory," T.A.

Brown, Sample Preparation for Accelerator Mass Spectrometry Workshop, Sept. 26, 1993, Australian
National University, Canberra, Australia.
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"14C AMS dating of pollen from lake sediment and peat samples for paleoclimatic studies," T.A. Brown,
G.W. Farwell and P.M. Grootes, 6th Internat. Conf. on Accelerator Mass Spectrometry. Sept 27-Oct. 1,
1993, Australian National University, Canberra, Australia and University of Sydney, Sydney, Australia.

"The extraction and*C AMS dating of pollen from lake sediment and peat samples for paleoclimatic
studies,"” T.A. Brown, G.W. Farwell and P.M. Grootes, presented at the First Annual PALE (Paleoclimate
from Arctic lakes and Estuaries) Research Meeting, Feb. 3-4, 1994, Boulder, Colorado, published
internally by PALE for NSF.

"Gravity with levity," E.G. Adelberger, Proceedings of the 1993 Moriond Workshop on Neutrinos,
Astrophysics and Gravitation, Editions Frontiers, in press.

"New constraints on composition-dependent interactions with ranges down to 1 cm" J.H. Gundlach,
Proceedings of the 1993 Moriond Workshop on Neutrinos, Astrophysics and Gravitation, Editions
Frontiers, in press.

"New constraints on composition-dependent interactions with ranges down to 1 cm," J.H. Gundlach,
Journal of Classical & Quantum Gravity, in press; talk given at the Intern. Workshop on Experimental
Gravitation, Nathiagali, Pakistan.

Invited Lectures on Fusion and Fission, Japan Winter School Nuclear Physics, 1993, R. Vandenbosch.

"Cluster impact fusion and cluster size distributions," St. Malo, France, 1993, R. Vandenbosch.

"Review of low-beta structures,” D.W. Storm, invited talk at Sixth Workshop on RF Superconductivity,
Newport News, 1993, submitted to Particle Accelerators.

"Shape changes and isospin purity in highly excited light mass nuclei," M. Kicinska-Habior, K.A. Snover,
J.A. Behr, C.A. Gossett, J.H. Gundlach, Z.M. Drebi, M.S. Kaplan and D.P. Wells, invited paper, Gull
Lake Nuclear Physics Conference on Giant Resonances, 1993, Nucl. Phys. A, special issue, to be
published.

"Terminal control modifications for the UW tandem," G.C. Harper, M.A. Howe, C.E. Linder and W.G.
Weitkamp, Symposium of North Eastern Accelerator Personnel, Rochester, NY, 1993.

"Gordo: An object-oriented programmable controller,” M.A. Howe and C.E. Linder, Symposium of North
Eastern Accelerator Personnel, Rochester, NY, 1993.

"New resisters for the UW tandem," C.E. Linder and W.G. Weitkamp, Symposium of North Eastern
Accelerator Personnel, Rochester, NY, 1993.

"Measurement of weak induced currents in mass 8 nuclei,” L. De Braeckeleer, invited paper APS spring
Meeting, 1994.

"Spin induced shape transitions in Cu compound nuclei,” Z. Drebi, K.A. Snover, A.W. Charlop, M.S.
Kaplan, D.P. Wells and D. Ye, talk APS Spring Meeting at Crystal City, VA, 1994.
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"Measurement o —a angular correlation ifLi," E.G. Adelberger, J.F. Amsbaugh, L. De Braeckeleer,

P. Magnus,D. Markoff, D. Storm, H.E. Swanson, K. Swartz,, D. Wright and Z Zhao, talk APS Spring
Meeting at Crystal City, VA, 1994.

"D-D fusion induced by oxygen atoms and clusters impactytg iDe targets,” F. Liang and R.
Vandenbosch, talk APS Spring Meeting at Crystal City, VA, 1994.

"The astrophysical S-factor &fC(a,y)'°O reaction from the beta-delayed alpha-particle emission of
16N," Z. Zhao, invited talk APS Spring Meeting at Crystal City, VA, 1994.

"Recent results on giant dipole resonance decay in hot nuclei," K.A. Snover, invited talk, Gordon Nuclear
Chemistry, June, 1993.

"The accuracy of*C AMS dating of tephra layers in lake sediment and peat deposits,” T.A. Brown, G.W.
Farwell, and P.M. Grootes, abstract submitted for the 15th Internat. Radiocarbon Conference, Glasgow,
Scotland, Aug. 15-19, 1994.

"The extraction and*C AMS dating of pollen from lake sediment and peat samples for paleoclimatic
studies, T.A. Brown, G.W. Farwell, and P.M. Grootes, abstract submitted for the 15th Internat.
Radiocarbon Conference, Glasgow, Scotland, Aug. 15-19, 1994.

"Procedures for the extraction of pollen from lake sediment and peat samphe AMS dating,” T.A.
Brown, G.W. Farwell, and P.M. Grootes, abstract submitted for the 15th Internat. Radiocarbon
Conference, Glasgow, Scotland, Aug. 15-19, 1994.

"Search for second class current in the Mass 8 nuclei,” L. De Braeckeleer, Internat. Symposium on spin-
isospin responses and weak process in hadrons and nuclei, Osaka University, Osaka, Japan, March 8-10,
1994.

"Search for second class current in the Mass 8 nuclei," L. De Braeckeleer, First Internat. symposium on
symmetries in subatomic physics, Taipei Taiwan, May 16-18, 1994.

"Search for second class current in the Mass 8 nuclei,” L. De Braeckeleer, Invited paper, Intersection of
particles and nuclear physics, Florida, May 1994.

"Measurement of the beta-delayed alpha-particles from the braaalté at 9.6 MeV iA60*," Z. Zhao,

R.H. France lll, K.S. Lai, M. Gai, E.L. Wilds, R.A. Kryger, J.A. Winger and K.B. Beard, abstract
presented at APS Spring Meeting at Washington DC, 1993.

"The astrophysical S-factor &fC(a,y)'°Ofrom the beta-delayed alpha-particle emissioHhf" Z.
Zhao, talk given at 3rd International. Conference on Radioactive Nuclear Beams, East Lansing, MI, 1993.

"Oxygen formation in helium burning from the beta-delayed alpha-particle emissi#ins"aZ. Zhao,
invited talk, ACS 207th National Meeting, San Diego, CA, 1994.
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