ANNUAL REPORT

Nuclear Physics Laboratory
University of Washington

April, 1995

Supported in part by the United States Department of Energy under Grant DE-FG06-90ER40537

This report was prepared as an account of work sponsored in part by the United States Government. Neither
the United States nor the United States Department of Energy, nor any of their employees, makes any
warranty, expressed or implied, or assumes any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process disclosed, or represents that its use would not
infringe privately-owned rights.




INTRODUCTION

This has been a year of change at the Nuclear Physics Laboratory. We are pleased to have added several new
faculty members to our group. R.G. Hamish Robertson and John Wilkerson have joined the Department of
Physics as Professors. Peter Doe and Steve Elliott have joined the Research faculty as Professor and Assistant
Professor, respectively. The primary interest of these new faculty is solar neutrino physics. They are presently
playing a major role in the design and construction of detectors for the Sudbury Solar Neutrino Observatory
(SNO). John Lestone has also recently joined the Research faculty as Assistant Professor. His primary
interest is in nuclear reactions, particularly fission.

The Nuclear Physics Laboratory of the University of Washington has for over 40 years supported a broad
program of experimental physics research. The current program includes "in-house™ research using the local
tandem Van de Graaff and superconducting linac accelerators and non-accelerator research in double beta
decay and gravitation as well as user-mode research at large accelerator and reactor facilities around the
world. We are also now actively using or developing solar neutrino observatories in Canada and Russia.

In June 1994 we completed an upgrade of the tandem accelerator. We now have a pelletron charging system,
new resistors, a terminal control computer system and spiral inclined field beam tubes in the tandem. The
position, energy and pulse transit time stability of the beam accelerated by this completed system as well as
the transmission of the accelerator for heavy ions is significantly improved.

Some highlights of our research activities during the past year are given below.

Motivated by nuclear structure and astrophysical considerations, we have continued our studies of the
distribution of Gamow-Teller strength. We focused on the high-energy-release beta decays of 37Ca and 36Ca,
and find in both cases considerably more integrated Gamow-Teller strength than predicted by the shell model
with effective operators. The GT matrix elements for 37Ca decay can be compared to the isospin-mirror GT
matrix elements inferred from 37CI(p,n) studies; to the extent that isospin symmetry is valid this comparison
tests the procedure for extracting GT matrix elements from hadronic charge-exchange reactions. We find that
the charge-exchange values can vary by up to a factor of two compared to the beta-decay values. Both of the
discrepancies mentioned here provide challenges to nuclear theory.

We have considered the gravitational lensing properties of a plausible model for naturally-occurring
wormholes, and find that they should be detectable by MACHO searches currently in progress. We find that
the expected dipole anisotropy in the distribution of gamma ray bursts is not large enough to determine if
they are cosmic in origin.

The Russian-American Gallium experiment (SAGE) continues to give a flux well below the Standard Solar
Model. A calibration with 51Cr is in progress.

The University of Washington group continues to have major involvement in several aspects of the SNO
project. The research and development effort for the acrylic vessel which holds the 1000 tons of heavy water
has been completed. We are involved in the development of the data acquisition system for the readout of the
SNO detector. In collaboration with groups at LASL and LBL we will provide an independent detector array
for recording the neutral current signal of the SNO detector.

In our studies of sub-barrier fusion reactions we have measured the distributions of barriers for a prolate and
an oblate target nucleus bombarded with 40Ca. The barrier distributions demonstrate important contributions



from the hexadecapole as well as from the sign of the quadrupole moment.

A study of entrance channel effects on the energy spectra of light charged particles has revealed significant
effects. The spectral shape for 12C + 144Sm is hotter than for 64Ni + 96Zr when the bombarding energies are
chosen to match the excitation energy in the compound nucleus.

Recent results from the APEX collaboration on the positron spectra for uranium projectiles do not reveal
peak structures and call into question previous GSI results.

The AMS group, with partial support from NSF, has continued its development and refinement of techniques
for the isolation of essentially pure pollen fractions from lake sediment and peat samples for AMS
radiocarbon (14C) dating. These techniques were successfully applied, for the first time, to a low-organic-
carbon-content core taken from an Arctic lake. An apparent age-depth reversal in earlier "bulk carbon” results
obtained by others for this core was rectified.

The ultra-relativistic heavy ion group participated in a very successful initial run of CERN experiment NA49,
which used two large time-projection chambers to track charged reaction products from the new CERN 33
TeV lead beam on a fixed lead target. The University of Washington group played a major role in developing
the tracking software used with the main time-projection chamber of the experiment. They also developed
new general purpose slow control software used in the experiment.

We have devised an approximate procedure for analyzing Bose-Einstein correlation data without background
generation which may be useful for single-event physics at CERN and RHIC. We have made progress in
analyzing expected "wiggles" in multi-particle Bose-Einstein correlation data arising from non-Gaussian
source shapes.

As always, we welcome applications from outsiders for the use of our facilities. As a convenient reference for
potential users, the table on the following page lists the vital statistics of our accelerators.
For further information, please write or telephone:

Professor Derek W. Storm, Director
Nuclear Physics Laboratory
University of Washington

Box 354290

Seattle, WA 98195

(206) 543-4085

e-mail: storm@npl.washington.edu

We close this introduction with a reminder that the articles in this report describe work in progress and are
not to be regarded as publications or to be quoted without permission of the authors. In each article, the
names of the investigators have been listed alphabetically, with the primary author underlined, to whom
inquiries should be addressed.

Robert Vandenbosch
Editor



Barbara Fulton
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1. NUCLEAR PHYSICS

11 Beta-delayed alpha-particle emission of 18N and the E1 S-actor of the 12C((!,y)lGO reaction

E.G. Adelberger, P. Chan, L. De Braeckeleer, P.V. Magnus, D.M. Markoff, D.W. Storm,
H.E. Swanson, K.B. Swartz, D. Wright aBdZhao

The 12C(O( YY) 180 crosssectionat astrophysicaknergieds an incoherentsum of the electric dipole
(E1) andelectricquadrupolg E2) components.The E1 componenis dominatedby a broadlevel at 9.6 MeV
anda subthresholdevel at 7.12 MeV (alphaparticlethreshold7.16 MeV) andthe interferencebetweenthem.
The E2 components dominatedby a subthresholdevel at 6.92 MeV, anddirect capture andthe interference

betweenthesetwo terms. The beta-delayedlphaspectrumof 16N providesa uniqueway to determinethe
alpha-particle width of the 7.12 MeV level, whishcrucial to our understandingf the E1 crosssectionat low
energies.

We havemeasuredhe alpha-particlespectrumusing the rotating arm apparatusuilt for the mass-8
beta-alphacorrelationmeasurements.The deuteronbeam (30 HA at 3.5 MeV) from the FN tandemwas
incidenton a rotatingtargetwhich consistecf Ti 15N onaNi backing. Whenthe beamwason, the recoiling
1By nucleiwerecollectedby a carboncatcherfoil of 10 or 20 pg/ cm?. Whenthe beamwasoff, the catcher
wastransferredo the countingarea. Therearetwo silicon surfacebarrierdetectorsn the countingarea. The
energief the alpha-particlesnd the carbonnuclei were detectedsimultaneously. The slow timing between
the two particleswas recordedat the sametime to determinethe randomcoincidencedetweentwo counters.
The lifetime of the decay, measured by cloclkeagheventrelativeto thearmrotation,is found consistentith
the known lifetime of the 1°N nuclei. In addition,the absoluteefficiency to measurecarbonions and detector
responseto low energy carbonions were also studied using the 12C(p, p)lZC reaction. Our resultsare
consistent with previous measurements of TRIUMRd Yale?

The datawere analyzedin an R-matrix formalism using a 3-level approximation. In Fig. 1.1-1, we
show an R-matrix fit to our data. Possibte 3 contribution is included in the fit.
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Fig. 1.1-1. Alpha energy spectrum.

1L. Buchmanret al., Phys. Rev. LetfZ0, 726 (1993).
27. Zhaoet al., Phys. Rev. LetfZ0, 2066 (1993).



12 Detector testsfor a measurement of the 12C((x , y)leO Cross section at low energies
L. De Braeckeleer and. Zhao

Themainuncertaintiesn the E1 componenbf the 12C(o( YY) 180 crosssectionwerethe uncertaintyin
the alpha-particlewidth of the subthreshold7.12 MeV level and also the uncertaintyin the sign of the
interferenceébetween’.12MeV level and9.6 MeV level. The beta-delaye@lphaspectrumof 1By providesa
unique way to determine the alpha-particle width of the 7.12 MeV level, as discussed in the pepaidisS-3
but providesno new information on the sign of the interferencein the 12C(O(,y)160 reaction. The E2
componentis obtainedby measuringthe angulardistribution of the gammarays, and the extrapolationto
astrophysical energies is also largely uncertain.

Although the combinedfour setsof previous crosssectionmeasurement$:6:7 favors constructive
interferencen the E1 12C(O(,y)160 reaction,examinationof individual datasetsrevealsinconsistencyamong
themespeciallyregardingthe sign of the interferencean the E1 channel. Sincethe alpha-particlewidth of the
subthresholdevel is determinedby the 1By data, the constructiveand destructiveinterferencein the E1
channelof the 12C(O(,y)160 reactionshoulddiffer by a factor of two at energyE.,, = 1.2MeV. A 10%
measuremerdt this energyshouldallow us to distinguishbetweentwo interferenceschemes.We planto do
measurements two steps;steponeis a two-detectorassemblyat 90° to determinethe E1 componen{mainly
the sign); steptwo is a measurementf the angular distribution of the gammarays to determinethe E2
component.

Recently technologicabdvancementiavemadeavailablea high intensity pulsedion beamandlarge
volume germaniumcounters. We plan to surroundthe Ge counterwith a Nal(Tl) annulusand plastic
scintillator. The Ge counterwill be runningin escapanode(requiring coincidencewith 511 keV gammarays
in the Nal(Tl) counter). Thereforethe Ge countergprovidegoodenergyresolution,andescapegammaraysin
the Nal(Tl) provide excellent timing relative to thelsedbeam. We expecta significantbackgroundeduction
relative to previousmeasurements.Using two Ge counters(8 cm long and 8 cm in diameter),the total

efficiency of this detectorsystemis 1 x 1073, Fora 120 pg/ cm? target,the expecteccountrateis 4.5/dayat
E.m = 1.2 MeV. The E2 contaminationin the 90° detectorarrangements lessthan 10% for the entire
accessible energy range. We expect the beam independent background to be negligible.

We are currently testingsucha conceptusinga smallerGe and BGO counters. We also studiedthe

beamindependenbackgroundn sucha system. We plan to study the beamrelatedbackgroundn the near
future.

1L. Buchmanret al., Phys. Rev. Leff0, 726 (1993).

27. Zhaoet al., Phys. Rev. LetfZ0, 2066 (1993).

37 Zhaoet al., to be published.

4p. Dyer and C.A. Barnes, Nucl. Phye233, 495 (1974).
5A. Redderet al., Nucl. PhysA462, 385 (1987).

6R.M. Kremeret al., Phys. Rev. Let60, 1475 (1988).
7J.M.L. Ouelletet al., Phys. Rev. Let69, 1475 (1992).



13 On thedipoledistribution of gamma ray bursts
J.G. Crameand P.B. Cramér

Gammaray bursts(GRB) constitutean outstandingpuzzleof contemporaryastrophysics. In recent
satelliteexperimentsSRB havebeenobservedo occurin a time scaleof millisecondsto secondsat the rate of
a few per day from directions uncorrelated with the galactic plane and to deliver the remarkalbiydgrged
energyof about6é MeV per cm? of detectorarea. No radio, optical, or X-ray counterpart®f GRB havebeen
observed, lendingmbiguityto their origin anddistancescale. Theleadingscenariogor GRB sourcelocations
are:(1) GRB areat galactichalodistancesperhapgproduceddy unusualheutronstarsor quietsupernovasor
(2) GRB areat cosmologicalddistancesperhapsroducedoy mergingneutronstars. If GRB aregalacticand
areemittedin an angularconewith a half-angle® (expresseds a fraction of T1), the energyreleaseof each
GRBis 10°! 82 ergs(or, with 8 =1, roughly the massof Mars'largestmoonPhobosconvertedentirely into
gamma ray energy). On the otland,if GRB arecosmologicaleachGRB hasanenergyreleaseof 10°1 92
ergs(with 6 =1, this is roughly a Jupiter-masgonvertedcompletelyinto gammaraysin a few seconds). In
either case,both the generationand the transportof this quantity of energyconstitutevery formidable and
unsolved theoretical problems.

We here consider the possibily usingthe motion-inducedlipole momentof the GRB distributionas
an indication of the GRB source. COBE data showsthat the Earth is moving through the microwave

background radiation with a velocity ff-g = 1.23 x10~3 in the direction’'' = 264.4% 0.3° andb'' = 48.4°
+ 0.5%in galacticcoordinates. On the other hand,the Sun moveswith respectto the galacticcenterwith a
velocity of Bga| = 7.92x 10% in the direction ¢'' =91.1°+ 0.4°and b'' =0°in galacticcoordinates. These

vectors thus point in nearly opposite directions, making an angle of about 130° with each other.

The solid angleof a moving sourceis modified by its propermotion, an effect well knownin nuclear
and high energyphysics. This solid anglemodificationwill inducea dipole componenin the GRB angular
distribution of magnitude23 with its peak pointing in the direction of [3, i.e. the GRB eventswill be
distributedon the sky with a probability givenby P© ,@) = 1 + 2[3 cos8 . Consideranobservedsampleof N
observationof GRB, with the ith eventdetectedat a polar angleof 6; with respectto the sourcevelocity

direction of interest and with an observationalefficiency €, . The estimated boost is <B_.> =

obs
ziN:lwi COQi/ZiNzlwi , Wherew; = 1/¢;. Assumingw;=1 andtreatingthe dipole components small, the
valuesof (w;cod;) will fall ona uniformflat distributionof valuesbetween-1 and+1. The meanof sucha

distribution is zero and its standarddeviationis 0 = 1/\/§. Therefore,for N observationsthe observed
standard deviation of3 > willbe o . = 1W/3N.

We concludethat a determinationof the dipole distribution at the 10 level for the COBE velocity
would require 220,000GRB observationsand for the galactic velocity vector would require 532,000GRB
observations. Unfortunately, the mostentcatalogof GRB eventscontainsonly 1121 events. Thus,because
the propermotion of the solarsystemis relatively smallandthe numberof detectedSRB is still quite small, it
is not feasible to use the expected dipole distribution as an indication of GRB origin.

* Max-Planck-Institut fiir Physik, Fohringer Ring 6, D-80805 Miinchen, Germany.
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14 Natural wor mholes as gravitational lenses
J.G. CramerR.W. Forward, M.S. Morris] M. Visser¥ G. Benford and G.A. Landi8

Visserhassuggeste@ wormhole configuration,a flat-spacewormholethat is framedby a variant of
the cosmic string solutionsof Einstein'sequationswith a negativestring tensionof -1/4G and thereforea
negativemassdensity. The inflationary phaseof the early universemight produceclosednegative-masstring
loopsframing stableVisserwormholesor expandmicroscopicwormholesin the Planck-scalespacetimdoam
to macroscopic dimensions, thereby creating stable natural wormholes.

When a massive object passes throaglormhole,from back-reactiorthe entrancemouthshouldgain
massandthe exit mouthlosemass. If the massflow occursin the early universefrom a high to a low density
region,the exit wormholemouthcould acquirea stellar-scalenegativemass. We havechristenedsuchobjects
"gravitationally negative anomalous compact halo objects" (GNACHOSs).

We haveconsideredhe gravitationallensingof suchobjectsasa way of detectingthem. We find that
the lensingof a negativemassis not analogoudo a diverginglens. In certaincircumstancest can produce
more light enhancement than does the lensing of an equivalent positive mass.

The intensity modulationof a backgroundstar that occurswhenthe GNACHO lensingmasscrosses
nearthe source-detectdine of sight showslight enhancemenprofiles that are characteristicallypboundedby
two caustics,eachof which providesa very sharpincreasein light intensity. Betweenthesecausticsis an
umbra regiorwith no transmittedight atall. This light enhancemeryrofile is qualitativelydifferentfrom that
of a positive lensing mass the samemagnitudeandgeometry. In particular,the negativemasslight curvesis
muchsharper showingstrongerbut briefer light enhancementsinda precipitousdrop to zerointensityin the
central region.

Our calculationsshow that objectsof negativegravitationalmass,if they exist, can provide a very
distinctive light enhancement profile. Since thgeeupsarepresentlyconductingsearchesor the gravitational
lensingof more normal positive massobjects,we havesuggestedhat thesesearche$e broadenedo that the
signaturesof the objects discussedabove are not overlookedby over-specificdata selection criteria and
softwarecuts. While the analysisof this brief reportis phrasedn termsof wormholesthe observationatest
proposeds moregenerallya searchfor compactegativemassobjectsof any origin. The questionof whether
guantum field theory is consistentwith negative massin a spacetimethat is asymptotically flat and
semiclassicahearinfinity is as yet undecided. Observationof GNACHOs would give an experimentaknd
definitive answerto this question.We recommendthat MACHO searchdata be analyzedfor evidenceof
GNACHOs.

This work has beenacceptedor publicationin PhysicalReview D, and is available as electronic
preprint astro-ph/9409051 on World Wide Web at http://babbage.sissa.it.

*Forward Unlimited, P.O. Box 2783, Malibu, CA 90265.

TDepartment of Physics and Astronomy, Butler University, Indianapolis, IN 46208.
FPhysics Department, Washington University, St.Louis, MO 63130-4899.
£Physics Department, University of California at Levine, CA 92717-4575

8NASA Lewis Research Center, Mail Code 302-1, Cleveland OH 44135-3191.



15  3Ca B-decay and thelsobaric Multiplet Mass Equation

E.G. Adelbergeand A. Garcia

This work was a byproduct of our study%fCa decay at ISOLDE, which is presented elsewhere in
this report. Thé®Ca activity was produced in a fluorinated Ti target, and data were taken witiA boB6
(for 36Ca) andA = 55 (for*°Ca'®F) beams. Thaé = 36 beam was dominated 8K ; the A = 55 beam was
extremely pure but had such a low intensity (because the fluorine leak in the target had expired) that we
detected only the intense proton group corresponding to the superallowed d&&y. of

The delayed proton energy scale was calibrated using well-known proton groug$@amnd 36K
decays. We found that the superallo¥&@a group had a lab energy Bf, — 25502 + 2.2keV, which

corresponds to a mass excess 31356+ 2.4keV for the lowesT = 2 level in36K. When combined with
the well-known masses of tRéS, 36Cl, and36K members of the isospin quintet and the less well-known mass
of 36Ca, our result provides one of the most precise tools of the isobaric multiplet mass equation (IMME)

M(ATiT3)=a(AT) +b(AT) T3+ c(AT)TS.

The results of fitting these data to the IMME (plus extensions contalgirmd T terms) are shown in Table
1.5-1.

Table 1.5-1. Coefficients of multiplet mass equation for the lowest quintet iB6.

a (keV) b (keV) c (keV) d (keV) e (keV) x% v P(x2,v)2
-19378.41.0 -6043.81.3 200.5:0.7 15 0.22
-19377.¢1.5 -6044.51.6 199.%1.9 0.8:1.0 2.4 0.12
-19.377%1.5 -6043.61.3 197.6:2.5 0.6:0.5 1.6 0.21

-19377.%1.5 -6039.23.8 195.43.1 -4.2t3.4 2.7+1.8

aprobability of getting g2 as large as that in the previous column.

*Dept. of Physics, University of Notre Dame, South Bend, IN.
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1.6  Gamow-Téeler strengthin 36Ca 3+ decay

E.G. AdelbergerB.A. Brown; Z. Janad,H. Keller;' K. Krumbholz} V. Kunze¥ P. Magnus
F. Meissnef; A. Piechaczek,M. PfutznerE E. Roeckl} K. RykaczewskE W.-D. Schmidt-Otff
W. Trindeif and M. Weber

We haveusedthe FRS projectilefragmentseparatoat GSI to studythe decayof 36Ca. Betadelayed
y's and protonswere observedising the samedetectorsetupwe usedfor the 3’Ca decaystudy discussedn
the following report.. A secondan?®Ca beamwith anintensity of 0.25 atoms/swas producedby a primary
beam of 300 MeV/4°Ca impinging on a 1g/cf®Betarget. A total of 2.8 £0* *°*Ca atomswereimplanted
during the experiment. The %ecalifetime, 102+ 2 ms, was extractedfrom the time distribution of proton
eventswith energiesabove2.5 MeV, mainly originatingfrom the superallowedransition. We observedstrong
transitionsto y emitting statesin 26K at 1112.8(4)and1619.0(2)keV, andto protondecaying3¢K statesat
3370(41), 4287(39), 4451(33), 4687(37), 5947(47) and 6798(71) keV.

Fig. 1.6-1compare®ur measured(GT) valuesto shellmodelpredictionsusingthe USD interaction.
We find a situationstrikingly similar to that observedn 37Ca decay wherethe theorywith "quenched'GT
operatorggivesa goodaccountof the strengthdo transitionat low energy(Ex< 3.5 MeV), but predictsmuch
too little strengthat higherenergies. In fact the B(GT) integratedstrengthup to our experimentatcutoff (see
Fig. 1.6-1)agreesnuchbetterwith thatpredictedby the unquenchedheory. Thereare now threeexampleof
highenergy-releas@ decayq3’Ca, %6Ca, and33Ar) wherethe shellmodelfails, in similar ways,to predict
thedistributionof GT strength. This systematicshortcomingposesanimportantproblemfor nuclearstructure
calculations.

This work has been published in Physics Letters B.

WWW: Select "Fig 1.6" from Table of Contents page

Fig. 1.6-1. The heavylines showthe +1¢ error band of the summedB(GT) strengthin 36Ca decayas a
function of final state E,. Curvesb) and c) are shell model calculationsusing free and renormalizedGT
operators, respectively.

* Michigan State University, East Lansing, M.

TGSI, Darmstadt, Germany.

#11. Phys. Inst., Univ. Géttingen, Germany.

£ Inst. of Exp. Physics, Univ. of Warsaw, Poland.
1E.G. Adelbergeret al., Phys. Rev. Let67, 3658 (1992).



1.7  Study of 3”Ca f8 decay at GSI and the 3"CI cross section for 8B neutrinos

E. G. AdelbergerZ. Janas,H. Keller; K. Krumbholz! V. Kunzef P. Magnus, F. Meissnér,
A Piecha*czeQ,M. Pfltznert E. Roeckf, K. Rykaczewsk#, W.-D. Schmidt-Otf, W. Trinder; and
M. Weber

The observationof significant discrepanciesetweenmirror B(GT) values extractedfrom 3’Cap
decayand 37Cl(p,n) studies(mentionedelsewheren this report) motivatedthis measurementhat provided
absoluteintensitiesof the previouslyobserved 3-delayedprotongroupsand,for the first time, detectedthe
beta-delayegjammaraysfollowing 3’Cadecay. In additionwe obtaineda precisemeasurementf the 3’Ca
halflife.

The FRSprojectilefragmentseparatoat GSI produceda secondary?’Ca beamof about30 atoms/s,
from the bombardmenof a 1g/ cm? Be targetwith a 300 MeV/u beamof “°Ca. A total of 2.6 million 3’Ca
ionswerestoppedn the centralelementof a 3 counterSi telescopahatwas surroundedy 2 large-volumeGe
detectors.Betadelayedprotonsweredetectedn the centralSi counter,and delayedgammaswveredetectedy
the Ge detectors in coincidence witl gulse in the outer two Si counters.

The 37Ca halflife wasobtainedfrom thetime distributionof the intenseprotongroupcorrespondindo
the superallowed decay. Owalueof 181(1)msis two standarddeviationdargerthanthe previouslyaccepted
result. A high-quality spectrumof y -raysfollowing 3’Ca decay(seeFig. 1.7-1) showedpeaksat 1370.9(2),
2750.4(2) and 3239.3(2) keV with branching ratios of 2.1(1)%, 2.8(1)%,and 4.8(2)% respectively.
Combiningtheseresultswith the delayedprotonintensitiesfrom ref. 1 we find thatthe 3239keV stateof 37K
hasT, /T, =22(2). Thisis a surprisinglylarge value for a level that lies nearly 1.4 MeV above proton

threshold, and explains most of the discrepancy noted earlier regarding the mirror B(GT)'s for this level.

We haveusedour resultsto recomputethe crosssectionfor 8Be neutrinoson a 3’Cl detector. Our
resultL09(3) x 10-42cm? is consistent with Bahcall's standard valug&@6(10) x 10-42cm?.

WWW: Select "Fig 1.7" from Table of Contents page.

Fig. 1.7-1. y -ray spectrunfrom the decayof 3’Ca. The dominantlinesarelabeledby the residualnucleusin
which the transitionsoccur. Weakerlines are from weakertransitionsin 36Ar or aresingleor doubleescape
peaks. This work has been published in Physics Letters B.

*GSI, Darmstadt, Germany.

til. Phys. Inst., Univ. Gottingen, Germany.

¥ Inst. of Exp. Physics, Univ. of Warsaw, Poland.
IA. Garciaet al., Phys. Rev. Let67, 3654 (1991).






1.8  Study of 3’Ca decay at ISOLDE

E. G. AdelbergerA. Garcia, P.V. Magnus, H.E. Swanson, D.P. WéIIE,E. Wietfeldt}
O. Tengbald, and the ISOLDE Collaboration

Comparison of the isospin analB¢GT) valuesfrom our 3-delayedprotonwork on 3’Cal anda new,
high-resolution studd/of 3’Cl(p,n) showed somtargediscrepanciesThediscrepancieatlow E, couldarise
if v-decay competed successfully with proton decay for a few of the low-lying final st&fés.$nWe studied
B-delayedy emissionin 37Ca at ISOLDE andfound unexpectediysignificant y -ray branchesrom 2 of the
unbound daughter states3fK .

Our 37Ca sourcewas producedusing a 3’CaF beamfrom the ISOLDE general-purpos@n-line
isotope separatorat the CERN PS/booster. The fluorinated A = 56 beam had very little radioactive
contamination.In particular,it hadvirtually no 3/K activity thatin anA = 37 beamis sointensethatit would
havebeenimpossibleto do our experiment. The fluorination processvasvery efficient; the A = 56 beamhad
about30 37CaF ions per second50% of the 3’Ca intensity observedn the A = 37 beam. The 3’CaF beam
was focusedonto a three-elemenparticle telescopethat was surroundedby an annulareight-segmentNal
detector that coverefiQ / 47 =~ 0.9. We observed -delayedy brancheof (1.5t0.4)%,(3.6t0.8)%,and(4.4
+0.6)% to®’K levelsat 1.37, 2.75and3.24MeV. Theseresultsareconsistentvith Ge detectordatatakenat
GSI (seeSection1.7 of this report). Combiningthis -delayedy work with our earlier 3-delayedproton
resultd we find the B(GT) valueslistedin Table1.8-1. It is apparenthat althoughthe largeranomalieshave
essentially been eliminated, problems remain at the factor of 2 level.

This work was recently published in Physical Revietv C.
Table 1.8-1. Analog B(GT) values obtained fréfca 8 decay and’Cl(p,n).

Ex (37K) B(GT; *)a Ex (37Ar) B(GT; p,n)®
0.00 (4.8 0] %1072 0.00 (4.8 0)x1072
1.37 (9.2+ 25 x10°3 1.41 (L4+ 0)x102
2.75 (12+0)x101 2.80 (7.0£ 0.2 %102
3.24 (8.2+16x1072 3.17 (128+0.04)x 101
3.62 (7.5+ 0.4 x 102 3.60 (5.8+ 0.3x102
3.84 (9.4+ 0.5 x10°2 3.94 (L9+ 0.)x102
4.19 (2.0+ 0.7)x10°3
4.41 (4.3 09 x10°2
4.50 (6.0£ 0.3x1072 4.57 (85 0.2x1072

aFrom this work.
bFrom theE, = 100 MeV 3’Cl(p,n) data of Ref. 2. Data are normalized so that the ground-state transition

has the correct value determined by thar lifetime.

*Department of Physics, University of Notre Dame, South Bend, IN.

TDepartment of Health, Washington State, Olympia, WA.

fLawrence Berkeley Laboratory, Berkeley, CA.

£ CERN, Switzerland.

1A, Garcia.et al., Phys. Rev. Let67, 3654 (1991).

2D.P. Wells, private communication regarding experiment at Indiana University Cyclotron Facility.
3C.D. Goodmanet al., Phys. Rev. Let69, 2446 (1992).

4A. Garcia,et al., Phys. Rev. G1, R439 (1995).



2. NEUTRINO PHYSICS

2.1 Solar neutrino research

Q.R. Ahmad, J. Beclg.J. DoeS.R. Elliott, J.V. Germani, AW.P. Poon, T.D. Steiger,
R.G.H. Robertsoandd.F. Wilkerson

Understandinghe propertiesof neutrinosranksas one of the major unresolvedssuesin nuclearand
particle physics. In particular,we do not know if neutrinoshave massor not. Neutrinoswith masswould
provide conclusiveevidenceof new physicsbeyondthe minimal StandardModel of elementaryparticlesand
fields while possiblyalsocomprisinga significantportion of the dark matterthoughtto aboundn the universe.
Increasingly,the "solar neutrino problem", in which all four of the existing experimentsobservefar fewer
neutrinosfrom the Sunthan predictedby solar model calculations,appeardo point to neutrino oscillations.
Neutrinooscillationsconvertone"flavor" of neutrinointo anotherandcanonly occurif neutrinoshavemass.
Our experimentalprogramto resolvethis questionincludesa collaborationwith the RussianAcademy of

SciencesLos Alamos National Laboratory,and the University of Pennsylvaniaon a "Ga radiochemical
measurement (SAGE) of the pp neutrino fund participationin the SudburyNeutrinoObservatoryfSNO),a
joint CanadianUS, UK effort to measurethe spectraldistribution and flavor compositionof the flux of the

higher-energy?B neutrinos from the Sun.

2.2 The Sudbury Neutrino Observatory

Q.R. Ahmad, J. Beclg.J. DoeS.R. Elliott, J.V. Germani, AW.P. Poon, T.D. Steiger,
R.G.H. Robertsoandd.F. Wilkerson

The SudburyNeutrinoObservatorywill be the first solarneutrinodetectorcapableof registeringand
distinguishingboth the flux of electronneutrinosandthe total flux of all left-handedneutrinosfrom the Sun.
As such, it can makean unambiguousstatementhat neutrino oscillationsare occurring, if the total flux is
found to be larger than the, flux. The conclusions will be essentially independent of solar models.

The sensitivemediumof the SNO laboratoryis 1000tonnesof ultra-pureD,O. The charged-current

interactionof electronneutrinoson deuteriumproducesa fast electronthat emits Cerenkov radiationin the
water. An array of 9500 photomultipliers recotdsamountof light and,therefore the energyof the electron.
Our groupis involvedin developingthe dataacquisitionsystemfor the readoutof the SNO detector directing
the researcland developmeneffort for the acrylic vesselthat separateshe heavywaterfrom the light water
shield, coordinatingthe SNO detector turn-on and commissioningefforts, and providing an independent
detectorarrayfor recordingthe neutral-currensignalof the SNO detector. Neutral-curreninteractionsof all
flavors of neutrinodisintegratehe deuteroninto a protonanda neutron,andthe rate of theseinteractionscan
be determined by measuring the rate of neutron production.



2.3 Development of a compact 20 MeV gamma-ray sour cefor energy calibration at the Sudbury
Neutrino Observatory

M.C. Browne' N.P. Kheranit A.W.P. PoonR.G.H. Robertson and C.E. Waltham

A compact20 MeV gamma-raysourceis being developedfor energy calibration at the Sudbury
Neutrino Observatory (SNO). The gamma-raysare produced through the radiative capture reaction
3H(p.y)*He.

Thereare severalconstraintdn designingthe source. It hasto be compactandportable,asit will be
loweredto the centerof the SNO detectorthroughthe 57 diameterdeck of the acrylic vessel. The neutron
productionrate hasto be low to ensureSNO's neutral currentsensitivity to supernovaneutrinosduring the
scheduledhigh energyy calibration. Even though the Q-value of 3H(p,nP*He is -0.763 MeV, which
correspondgo a reactionthresholdof 1.02 MeV, impurities in the beamand the target will give rise to
undesired neutrons througfe 2H(t,n)*He, 3H(d,n)*He, and3H(t,nnY¥*He reactions. So the dischargehydrogen
gasandthetargettritium mustbe of very high purity. The solid tritium targetmustalsohavea high thermal
stability to minimize tritium gas mixing into the discharge gas.

Fig. 2.3-1showsthe designof the source. It canbe dividedinto two sectionsa cold cathodePenning
ion sourceand a targetchamber. The anodeE2 is biasedat +2 kV, while the cathodesE1l, and E3 are
grounded. PyreX®-stainlesssteelcouplings(C) are usedto isolatehigh voltages. Permanenmagnetrings M
provide a ~1 kG axial magnetic field causing the electrons to spoahdthefield lines,generatingnoreions.
A SAESP getterpumpis attachedo E1. Thegetterpumpservesasthedispensenf hydrogengas. lons (H*,
Ho* andHs™) areacceleratedhrougha -15to -20 kV biastowardsthe targetmountedat the endof the beam
line. In this schemethe constructionof complicatedacceleratingand focusing electrodesis avoided,thus
keeping the length of the source to a minimum. In fact, the length of the source is"only 16

The targetselectedor this sourceis a solid scandiumtritide (Sc3H5), primarily becauseof its good
thermalstability. 1t will be preparedat the Tritium Laboratoryof Ontario Hydro Technologiesn Toronto,
Canada.lt is clear from the drawing that the sourceis a sealedone, minimizing the hazardof tritium
contamination.

The electro-optics of the ion source were first computer simulated and subsequentlytested
experimentally. The beam current has been measuredusing two independentmethods: by measuring
temperaturehangeof a coppertargetandby integratingthe beamprofile measuredisinga Faradaycup. In
thethermalmeasurementthe temperaturef the coppertargetwasmonitoredby a type T thermocouple.The
beampowerwaslater calibratedby an electricheaterembeddedhn the target. We designedand constructeda
specialFaradaycup for measuringthe beamprofile. The cup was biasedsuchthat the secondaryelectron
effects were minimized. Fig. 2.3-2 shows the results of the beam current measurements.

We also designedand constructeda massspectrometeto measurethe masscompositionof the ion
beam. lons of differentmassesire separatedby a magneticfield perpendiculato the ion beampropagation.
Our experimentshowedthat protonscomposg(63+15)%of the beam,the restbeingH,t andHz* molecular
ions. We are now building a targetevaporatiorchamber similar to that usedby Kheraniet al.,! to testfully
the target fabrication procedure of8eg before using the tritium facility at Ontario Hydro Technologies.

*Department of Physics, North Carolina State University, Raleigh, NC.

TOntario Hydro Technologies, 800 Kipling Avenue, Toronto, Ontario, Canada M8Z 5S4.

*Department of Physics, University of British Columbia, Vancouver, B.C., Canada V6T 1Z1.

IN.P. Kherani and W.T. Shmayda, Fusion Te2h, 334 (1992); N.P. Kherani, Ph.D. thesis, University of Toronto,
1994 (submitted to University Microfilm Inc., Ann Arbor, Michigan).
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24 A neutral current detector array for Sudbury Neutrino Observatory

P.J. Doe, S.R. Elliott, J.V. Germani, A.W.P. Poon, T.D. SteRy€3,H. Robertsoand
J.F. Wilkerson

Neutronscan be detectedwith high efficiency in 3He-filled proportionalcounterswithout interfering
significantly with the Cerenkovlight from charged-currenprocesses.We planto install in SNO an array of
such counters, with a total length of 800 meters, and constructed of highly purified materials.

Our rationalefollows: >He proportionalcountersoffer fundamentabdvantages Neutral-currentind
charged-current events are recorded separately and distinguished event by Bvwertfective CC rates are
doubledandthe NC ratesquadrupledn comparisorwith the dissolved-saltmethod. For the basicdissolved-
salt method,the rate of neutroncaptureis obtainedby subtractionof datawithout salt, after correctingfor
capturein deuterium. Recently,however,it has beensuggestedhat gammaand electron eventscan be
distinguished to some degree on-line. The secular variation in the NC ratetlieiEaah'sorbital eccentricity
would becomeobservablat the 95% confidencdevel. Time variationsin the neutrinoflux could be followed
simultaneouslyin the NC and CC channelson the time scale of millisecondsto years. All signalsand
backgroundsanbe determinedat the sametime, andthereis no needto compareand subtractdatatakenat
different times and under different conditions. The method is ¢olgpatiblewith the dissolved-salapproach,
allowing, by two different techniquesa valuable systematiccheck of important physicsresults. The duty
factor for full-efficiency NC detectionrisesfrom 50 to 100%, and the possibility of missingNC datafrom a
supernoveor otherinterestingeventis correspondinglydiminished. Evenif saltis presentin the water, the
conversionof NC eventsto Cerenkov light makesinferencesabout which eventsare CC and which NC
indirect. Event-by-eventNC detectionoffers the prospectof determininga v, or v; mass(especiallyin the

cosmologically interesting range of 20-100 eV) if a supernova should occur.

We are collaboratingwith scientistsat Los Alamos National Laboratory and Lawrence Berkeley

Laboratoryto design fabricate,anddeploythis arrayof 3He proportionalcounters. The key issuein building

suchanarrayis to selectmaterialsthatwill minimize the amountof radioactiveU and Th chainelements. A

specialchemicalvapordeposition(CVD) procesdo produceultra-purenickel hasbeenfoundthat meetsthese
requirements.The researcland designphaseis nearly completeand preparationsre underwayfor full scale
construction of the array.

12



25 SNO neutral-current detector position readout
J.V. GermaniS. KonseK,R.G.H. Robertson, A. Myers and T. Van Wechel

Developmentis underwayto permit modest,~1 meterresolution,position readoutof the 3He filled
proportionalcounterdetectorstrings that will be usedas neutral-currentdetectorsin the SNO experiment.
Position readout along the length of the proportional countersis desirable for several reasons. The
identificationof backgroundsnternalto the countersaswell aslocalizedconcentration®f Th or U in either
the countersor the acrylic vesselwill be easierto identify with positioninformation. Furthermorethe ability
to constructsphericaradial distributionsof neutroneventswill improveour ability to identify, andcorrectfor,
backgrounds from Th and U uniformly distributed in the acrylic vessel.

Single-endedeadouif the detectorss highly desirablan orderto minimize the amountof materialin
the heavywaterandto keepthe mechanicatdesignand string deploymentas simple as possible. The method
presentlyunder developmentelies on leaving the remoteend of the counterunterminated. The pulse that
propagatesoward the remoteend s reflectedback with the samesign and addswith the pulse that heads
directly to the preamp. The maximumdelaytime betweerthe leadingedgeof the directandreflectedpulsesis
approximatelyl00 nsfor an 11 m string of counters. A delayline of approximately25 nswill be usedat the
remote end to define the minimum time delay for pulses originating close to thak e the time delayswill
range from 50 to 150 ns. Since the widths of current pulses range fnestd2d ms, the positionsignalin the
combined pulse shape will vary from a double-peaked shape to a kink in the leading edge.

We havesetup a facility at NPL for studyingpositionreadoutechniquesindpulsepropagatiorin the
detectorstrings. A two-meterproportionalcounteris usedto approximateone segmentof a neutral-current
string. This counteris coupledto six metersof transmissiorine, which simulatesothercountersn the string.
The low-noisecurrentpreamplifieris a customRobertsondesignthat is built by the laboratory'selectronics
staff. Pulseshapesare digitizedwith a digital oscilloscopewith sampleratesashighas1 GS/s,andarethen
analyzedoff-line for pulsereflections. In addition,the affect of log amplificationis beingstudied,asa means
of begin able to cope with the large dynamic range required to digitize current pulses.

Initial results show that position resolutionof 1 meteris possible. This is consistentwith the
requirement®f the neutral-currenairray, sincethe neutrondiberatedin neutral-currentnteractionstravel one
meter on averageeforebeingabsorbedy a proportionalcounter. Furthermeasuremeniare plannedwith the
presentapparatus.Severaldigital signalprocessingechniquesre beingstudiedfor the extractionof position
information, and improvements in preamplifiers and log amplifiers are ongoing.

*Department of Physics, University of Washington, Seattle, WA.
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2.6 SNO DAQ: Development of a 100 channel noisetest system
Q.R. Ahmad J. Beck, S.R. Elliott and J.F. Wilkerson

The SNO dataacquisition(DAQ) systemwill acquiredataon an event-by-evenbasisfrom the 9500
PMTs that comprisethe SNO detector. An integral part of this systemis the Front End Card (FEC). It will
provide deadtimelesssub-nanosecontime and charge(Q&T) measuremenfor photomultiplierpulsesin the
rangeof 1 - 1000photoelectrons.The FEC will handle32 PMT signalsper 9U x 280 or 340 mm card. The
electronics is implemented using three full custom integrated circuits as well as commercial ADCs, anemory
logic. The DAQ interface is VME compatible.

In closecollaborationwith the University of Pennsylvani&ENO groupwe arefinishing up testsof the
prototype FECs (pFECs) which consist of 8 instead of the final 32 channels per board. fiResthtssetests
areproviding valuableinformationaswe finalize the designof the Front End Cards. The massproductionof
custom chips and boards will start before the end of 1995.

We are developing a 1@annelPMT noisetestdataacquisitionsystemusingthe pFECboardsanda
single VME cratethatwill be usedto performnoisetestof the PMTs and cablesasthey areinstalledin the
upper hemisphere of our underground detector in Sudbury.

We are developingthe softwareto perform this task underthe Object OrientedProgamming(OOP)
environmentof Macintosh'sThink C compiler using a realtime data acquisition OOP code developedby
McGirt andWilkersonat Los Alamos. This taskcanserveasa quick andsimple DAQ/Electronicsdiagnostic.

The task will first initialize all channels atigencalculatethe noiserateasthevoltageis rampedio the PMT's
operatingvoltage.During the courseof thetestit will providethe userwith a real-timehistogramof noiserate
per channel. Drastic deviationfrom the norm would be indicative of tube or cableproblems. The noisedata
will also be written to disk so that one can later look at the time history of the noise for each individual PMT.

Furthermore,we are developingthe necessarysoftware to look at the Chargeand Time (Q&T)
information for eachchannelwhich we can compareto the acceptanceesting Q&T databaseprovided by
Queen's University.

14



2.7 The SNO PMT test facility

Q.R. Ahmad, J. Beck, A. Goldberg, K.P. Issacson, J.Knox, A.W.P. R&h, Weitkampand
J.F. Wilkerson

The SNO Data Acquisition group has been developing a PMT test facility thatiliaé 96-120SNO
PMTs (including reflectors) to perform the following series of tests (in order of priority):

Testanddebugthe SNO electronicsanddataacquisition(DAQ) systemsawith a reasonable@umberof
PMTs.

Develop and test calibration sources.

Determinecalibration constantsattenuationcoefficients,and possibly eventotal efficiency of PMTs
and reflectors.

The initial testsof the electronicsand DAQ systemscan be donein air, but a seriesof more
sophisticatedeststo checkout calibrationconstantsandmorerealistically simulatethe SNO detectormustbe
done in water. The second and third items also require that the PMTs be immersed in water.

Theoriginal planfor a PMT testfacility wasto sharespacen the neutralcurrentdetectortestpool at
Los Alamos. However, when the SNO data acquisition developmenteffort moved to the University of
Washington, it quicklypoecameclearthatthe watershieldroomof the old 60-inchcyclotroncould be madeinto
a suitabletestfacility. Theroomis 14 feetwide by 20 feetlong andcanbefilled to a depthof 14 feet. It was
originally designed to shield the cyclotron scattering chamber from neutrons coming directiiyeiayciotron.
The room is accessible through a 20 in high x 28 in wide port located 56 in above the floor.

The room has several advantages as a test facility: it is not used now (the cyclotron has begfh turned
since 1986), it has held water in the past, it is easier to install detectors inside provided they fit through the port,
andit canbe overhauledo makea suitabletestvolumewith relatively modestamountof work. The adjacent
experimentatavealsooffersa reasonabléaboratoryspaceto setup the SNO electronicsand dataacquisition
systems.

The first questionwas whethergammaray backgroundevels might not be too high for the testsin
guestion. A 5" diameterx 4" Nal detectorwassetup to measurdahe radioactivebackgroundnside the water
room. It was found that the backgroundsn the water room are similar to the ambientbackgroundsn the

adjacentaboratoryandare dominatedby low energy40K decays. At this point the dominantbackgroundo
the test array is expected to be from cosmic rays.

The next problemto be addressedvas conversionof the waterroominto a suitableSNO PMT test
facility. An aluminumductwhich traversedhe roomwasremoved. Accessholesnearthe ceiling for cables
runningto the test detectorshave beencut and plugsfor all the portsin the walls have beenfabricated. A
contractor will complete resealing the room in the near future.

We havebeenworking with collaboratorsat LawrenceBerkeleyLaboratoryto designthe optimized
PMT supportstructurethat will fit within the room. The currentdesignhasa sphericalgeometryand can
accommodatérom 96-120PMTs. Installationof the supportstructureshouldcommencefterinitial wet tests
of the water room are completed.

15



2.8 Acrylic vessdl activities 1994-1995
P. Doe

The principal activity on the acrylic vesseloverthe pastyearhasbeenthe fabricationof the individual
components from which the vessel is constructed.

The spherical shell of the acrylic vesselis constructedby bonding together 120 panelsin the
undergroundaboratory. Thesepanelsarefirst thermoformedrom flat sheetinto sphericalshapesmachined
to exactdimensionsaandthenannealedo relieve machiningstress. Carefulmonitoringis requiredthroughout
this fabrication process to ensure that the components are radioactively and mechanically acceptable.

80% of the panelsrequiredto form the spherehave beencompleted. To ensurethat the machined
panelswere of the correctdimensionsthe whole upperhemisphereof the vesselwas dry assembledat the
fabricator'sfacility in Colorado. This also allowed testing of the final assemblyjigs, fixtures and survey
techniqueand refining of assemblyprocedures. After dry assemblythe individual panelsare being cleaned,
packedandshippedto the SNO site. Thefive cylindrical castingsthat comprisethe vesselchimneyhavealso
been fabricated, machined and shipped to the SNO site.

A second'qualification wall", measuring20' long by 15" high and consistingof 8 sphericallyformed
panelshasbeensuccessfullycompletedby the fabricator,thus completingthe demonstratiorof the bonding
techniquesrequiredin the vesselassemblyand for the attachmentanchor points for the neutral current
detectors.

The acquisitionof the 10 Kevlar@ suspensiomopeshasbegunfollowing successfutompletionof the
selection, R&D and radioassay program established and overseen by LANL.

The comingyearwill bea challengingone. Installationof the vesselchimneybeginsin early June'95
followed by the upperhemispheran August'95. The suspensiomopeswill berequiredin October'95. Once
the upper hemisphere is suspended, the lower hemisphere along with the neutral current detectalabehors
installed. The vesselis expectedo be completein May 1996. Ways of improving the scheduleare being
investigated.
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2.9 The Russian-American Gallium Experiment (SAGE)
S.R. Elliottand J.F. Wilkerson

The Russian-AmericanGallium Experiment (SAGE) is a radiochemical solar neutrino flux
measuremenbasedon the inversebetadecayreaction71Ga(ue,e_) "IGe. The thresholdfor this reactionis

233 keV which permitssensitivityto the p-p neutrinoswhich dominatethe solarneutrinoflux. The targetfor
the reaction is in thearm of 55 tonnesof liquid gallium metalstoreddeepundergroundat the BaksanNeutrino
Observatory in the Caucasus Mountains in Russia. Aboutsomasth,the neutrino-produceeis extracted

from the Ga. ''Ge is unstablewith respecto electroncapture(t’’2 = 11.43days)and, therefore the amount
of extractedGe can be determinedfrom its activity as measuredin small proportional counters. The
experimenthas measuredhe solar neutrinoflux in 31 extractionsbetweenJanuary1990 and October1993
with the result; 6210 (statistical}+5/-7 (systematicSNU. Additional extractionghroughthe endof 1994are
awaiting analysis.

The collaboration is currently usingb@0-kCi ®1cr neutrinosourceto testthe experimentabperation.

The energy of these neutrinos is simitathe solar ' Be neutrinosandthe sourcethusmakesanideal checkon
the experimentaprocedureThe extractiondor the Cr experimentook placein Januaryand Februaryof 1995
and the countingof the sampleswill continuethroughthe summer. The University of Washingtonplays a
major role in the statisticalanalysisof the dataandin the determinatiorof systematiauncertainties. We are
very active in the planning and analysis of the Cr experiment data.

17



3.0 NUCLEUSNUCLEUSREACTIONS

31 Distributions of fusion barriersextracted from cross section measurements on the systems
Vg + 1920 194p;

J.D. BiermanP. Chan, J.F. Liang, M.P. Kelly, A.A. Sonzogni and R. Vandenbosch

As describedn last year'sreport! the goal of this projectis to experimentallydeterminethe fusion
crosssectionsof the two systemdo high precisionspanninghe entirebarrierregion. Thesedatamaythenbe
twice differentiatedto yield the distribution of barriers. Thesedistributionsshoulddiffer as a result of the
difference in permanent quadrupole deformations of the targets. This will be a valualfléheesensitivity of
the barrier distribution or "fingerprint" methodof determiningthe relative importanceof different coupling
channels.

We havemeasuredission fragmentangulardistributionsat energiesboth well aboveand within the
barrierregion. The differencesin thesedistributionswerevery small. More importantly,the centerof mass
anglewherethe angulardistributionintersectsa properlynormalizedisotropicdistributionis constantover the
entire energy region. As a result, ratttanmeasurehe entiredistributionat eachenergy we simply measure
the differential crosssectionat this anglefor eachenergyandthenconvertthis measuremerib a total fusion
crosssectionasif thedistributionwereisotropic. This allows usto acquiredataof sufficiently high statistics
spanning the entire barrier region in fairly small energy steps in a reasonable amount of beam time.

To this point, fusion crosssectionshavebeenmeasuredor the 40ca + 19705 systemin roughly 1.25

MeV energystepscoveringthe entirebarrierregion. The measurearosssectiongangefrom 400 mb downto
0.1 mb. Measurementsvere also madeat energiesvell abovethe barrierfor this system. Analysisof these
datais nearly complete. The product of energy and cross section has been differentiatedto extract the
distribution of barriers for the osmium system which is shown in Fig. 3.1-1. This "fingerprint" is sintilat to
expectedfor a sphericalprojectile and a targetwith a prolate quadrupoleand small negativehexadecapole

deformation. Data havealsorecentlybeentakenfor the 40ca + 19t systemin roughly 1.25 MeV energy
steps spanning its barrier region. The analysis of these data is currently being performed.
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3.2  Sub-barrier fusion for *°Ca + 4648°0Tj
J.D. Bierman, P. Chan, J.F. LiagA. Sonzogniand R. Vandenbosch

Severalmechanismsave beenusedto explain the observedenhancemenin the sub-barrierfusion
crosssection,amongthem nucleardeformation,coupling to inelastic channelsand transferreactions. The

#6.4850T] jsotopesexhibit a decreasdn B, with increasingmassnumberand simultaneouslythe neutron

transfer Q-values becomemore positive, which implies that collective motion should counteracttransfer
reactionsasresponsibldor the enhancementA measurementf the enhancemerfor the threeisotopesshould
indicatewhich processs stronger. The projectilewasthe doubly magic *°Ca to minimize projectilestructure
effects.

Details of the experimentcan be found in a previousreport! Briefly, evaporationresidueangular
distributionsweretakenat a selectedsetof energiesandintegratedover angles. From thesecompleteangular
distributions we calibrated the relation between the differential cross section at 5 degreeséegtdtedone.
For afar largersetof energiesthe differential cross sectionat 5 degreesvas measuredndthe integratedone

was then obtained. Resultsfor ®Ti are presentedn Fig. 3.2-1. The full line is from a coupledchannel
calculation, which includeielasticandtransfercouplings. For theinelasticpartwe consideredhe 2* and3+

statesfor both projectile andtargetwith strengthsakenfrom the literature. The pickup of 1 and 2 neutrons
was consideredor the transferpartandtheir couplingstrengthavereadjustedo matchthe data. The dashed
line is from an uncoupled calculation.

A preliminaryanalysissuggestshat for thesesystemsneutrontransferreactionsare playing the most
importantrole in the sub-barrierenhancemenbf the fusion crosssection. A future experimentis being
planned, where we will extend and improve the data already taken.

103 L
10°
/N E
QO L
\E/ 1ol
x B
= L
b L
100
1071 1
50

Fig. 3.2-1. Fusion excitation function fofCa + “Ti.

INuclear Physics Annual Report, University of Washington (1994) p. 11.
19



3.3  Propertiesof light charged particles produced by 25 A MeV 160 on *3Th, %' Ta, “7Au and
35A MeV 4N on "5 Sm, **'Ta

D. Bowman; G. Cren, R. DeSouzd, J. Dinius; A. Elmaannit D. Fox] C. K. Gelbke, W. Hsi;
C. Hyde-Wright W. Jiang, W. G. Lynch, T. Moore! G. Peasle&,D. Prindle C. Schwar?,
A. A. Sonzogni, M. B. Tsang,R. Vandenbosch and C. Williains

In lastyear'sAnnual Reportwe reportedon our analysi$ of an experimeniperformedat the National
SuperconductingCyclotron Laboratory at Michigan State University using the miniball array? In this
experimentwe measuredight chargedparticles (LCPs) in coincidencewith fission fragments(FF tag) or
evaporatiorresidueg ER tag). The ER taggedeventswere from more centralcollisionsthanthe FF tagged
eventsand by varying the target masswe changethe averageimpact parameterover a large range while
changingthe total fusion crosssectiononly slightly.2 In last yearsreport we statedthat we observeda
substantialvariation in the LCP multiplicity dependingon the tag. For every target the observedLCP
multiplicity is higherfor the ER tagthanit is for the FF tag. We show the characteristicof these"extra"
LCPsby plotting in Fig. 3.3-1 the numberof observedprotonsas a function of energyfor 10,000ER and

10,000 FF taggedeventsfrom the 25 A-MeV 1805 on 1%Ta. At high energiesthe spectraare essentially

identical. For lower, evaporativeenergiesthereis a clearexcessof protons. This excesds clearly observed
for protonsandalphasfrom all targetsandbeamenergiesisedin this experimenwith the exceptionof the 35

A-MeV 1N beamon the ”6""2tSm targetwhich hasa very low ER crosssection. The excesss alsoobserved
but not as pronounced for deuterium and tritium emission.

It seemsclearthatthefission processnustoccurbeforethe compoundnucleusreacheghe endof the
particleemissionde-excitationchain. We shouldbe ableto usethe numberof LCPsemittedafter the time at

which fission occursto estimatehow quickly fission mustoccur. We plan to pursuethis throughthe use of
statistical model calculations.
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*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 (1994) p. 14.

2R. DeSouzat al., Nucl. Instrum. Methods /295, 109 (1990).

3D. Prindleet al., Phys. Rev. @8, 192 (1993).
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34 Entrance channel dependence of light particle emissonsin the 156y compound nucleus
decay

J.D. Bierman, P. Chan, M.P. Kelly.F. Liang A.A. Sonzogni and R. Vandenbosch

The decayof a compoundnucleuscan be describedoy a statisticaltheory wherethe decayprocesses
are assumedo be independeniof the formation channels.  Measurementn the decay of the 156,
compoundnucleuspopulatedby 12¢ 4+ 1%5m and ®*Ni + %%y entrancechannelsgave mixed resultsas

comparedo the statisticalmodel2 The 12¢ 4 1445 datawerein good agreementvith statisticalmodel

calculations.  However, the statistical model overestimated the neutron multiplicity for the
®Ni + %%Zrreaction over a wide range of excitation energjies.

A programof studying the light-chargedparticles emitted from the 156g, compoundnucleuswas

initiatedrecently. The 156g, compoundhucleuswas populatedoy 12¢ 4+ 14%5m and ®°Ni + %1 reactions
at an excitationenergyof 113 MeV wherethe fission barrier falls below the neutronbinding energyand the
maximum angular momentum,in the spin distribution, leading to evaporationresiduesis reached. The
experimentwas carried out in the Nuclear PhysicsLab of the University of Washington. The angular
distributionsof light-chargedparticleswere measuredn coincidencewith the evaporationresiduesby Csl
scintillatorscoupledto PIN diodes.The evaporatiorresiduesvereseparatedrom the incidentbeamby a pair
of electrostatic deflector plates and identified by energy vs. time-of-flight using the linac rf signal as stop.

The evaporated proton and particle energy spectra are shown in Fig. 3.4-1 for the two reactions
studied. The spectral shape of the C+Sm system is harder than that of the Ni+Zr system. It suggests that the
protons andX particles were emitted from a hotter source for the mass asymmetric system. The result of
statistical model calculations using the code PA&1 shown by solid curves. The level density parameter
used in the calculations was A/10 for both systems. Good agreement between the data and the calculations can

be seen for th&C induced reaction. For the Ni+Zr reaction, the calculation predicts a less steep slope than

the measurement. More analyses comparing the entrance channel dependerjréglﬁf tteempound nucleus
decay is underway.
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Fig. 3.4-1. Energy spectra of protons @ndparticles emitted from the decay of {r8Er compound nucleus.

IN. Bohr, Nature (Londom)37, 344 (1936).

2B. Fornalet al., Phys. Rev. @2, 1472 (1990).
SR.V.F. Jansserst al., Phys. Lett. Bl81, 16 (1986).
4A. Gavron, Phys. Rev. 20, 230 (1980).
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35 Bremsstrahlung and the GDR in 16180 4 92100\ g reactions
J.D. BiermanM.P. Kelly, J.F. Liang and K.A. Snover

Recentmeasurementen C+Mo! and C+Sr? systemsin the region 5-11 MeV/u bombardingenergy
have suggested large target isotope effect on the productionof high energyy—rays (Ey > 30 MeV).
Thesey—rays were presumedtio be bremsstrahlungorimarily from first chanceneutron-protoncollisions.

Anothermeasuremeriton the C+Snsystemat 10 MeV/u bombardingenergyfinds, in conflict with the earlier
measurementsio evidencefor an enhancedremsstrahlungield whenusingthe heaviertargetisotope. More

recently,the StonyBrook group haspresentedesultsbackingup earlierfindings on the samesystemtogether
with anexplanatiorof theisotopiceffect? In this report,we presenfprogressn the searchfor a similar effect
in O+Mo systems. An importantpart of our procedurds the useof angulardistributionsto betterdefinethe

relative contributions of bremsstrahlung and statistical decay.

We have measured tlye-raysproduced in the four possible reactiond®t%0 + 9%%\0 usingthe

Seattle 10" x 15" Nal spectrometer. The incident energy for'dfio projectiles is 9.MeV/u. Gammaray
yields were measuredat five anglesbetweerd0® and 140 in the lab framerelative to the beamaxis. These
y—rays cross sectionswere transformedto the compound nucleus center-of-massand fit to a linear
combinationof the first three Legendrepolynomials. The coefficientof the first polynomial, AO(EV), is a
measureof the y—ray crosssection,0 (E, ). The secondcoefficient, &, (E, ), is a measureof the forward-

backward anisotropy relative to the compound nucleus center-of-mass.

Fig. 3.5-1.showsthe extractedA ,(E, ) anda,(E, ) for theinclusive 180 + %Mo data. In the left
panel,a bremsstrahlungomponent(solid line) has beendeterminedoy manualiteration of the strengthand
slope parameters. The dashediine in the right panel showsthe &, that resultsfrom this bremsstrahlung
componentlone. The bremsstrahlungomponentwill alwayshavea positive &, (for Atgt > Aproj) since
the nucleon-nucleortenter-of-massgnovesat half the beamvelocity while the compoundnucleuscenter-of-
massmovesmore slowly. In the region where GDR emissioncompetessignificantly with bremsstrahlung
(Ey, = 30MeV) the A, bremsstrahlungomponentof coursefalls below the data points. Since GDR

emission has no forward-backward anisotropy in the compound nucleus center-of-mass, its effect is to dilute the
a,. Hence the data poinits theright panelfall belowthe dashecturve. The bremsstrahlung dilutedby the

contributionof statisticaly —rays (solid line, right panel)follows the datareasonablyvell. Observedionzero
values of &, below approximatelyl6 MeV are due to some other reaction mechanism. The use of a

multiplicity gateon the gammaspectrumhasbeenshownto greatlyreducethe nonzeroa, atlow E, , but has
little effect on the regiofe, = 20 MeV other than to worsen the statistical erfors.

Efforts areunderwayusingthe CASCADE statisticalmodelcodeto do a simultaneoudit of statistical
and bremsstrahlung components to bothARgE, ) and thea, (E, ) spectra.

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

2Vojtechet al., Phys. Rev. @0, R2441 (1989).

SR. Pfaffet al., Z. Phys. A347, 67-70 (1993).

4N. Ganet al., Phys. Rev. @9, 298-303 (1994).

SNuclear Physics Laboratory Annual Report, University of Washington (1994) p. 8.
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Fig. 3.5-1. The points are the inclusive data for 185 + %Mo at 9.4 MeV/u bombardingenergyand the
curvesare the calculatedbremsstrahlungomponent. The dashedine in the right panelis the &, thatresults

from the bremsstrahlungomponentlone,as shownby the solid line in the left panel. The solid line in the
right panel is the bremsstrahluag diluted by the statisticyl —rays contribution.
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3.6 APEX update
T.A. Trainorand the APEX collaboration

During the past year the full APEX detector system has accumsktedaimillion positronsresulting
from several-pnA beams 6 MeV/u uranium projectiles incident on several targets. Undeonditionshave
narrowpeaksin positron-electrorcoincidenceor positronsinglesenergyspectrabeenobservedexceptfor the
206pp resultsdescribedoelow). This overall result now constitutesa major disagreemenivith the resultsof
several collaborations at the GSI in Darmstadt, Germany.

APEX was designedto investigatein a kinematically completeway the production mechanismfor
reportedanomalouselectronpairsin severalvery-heavy-ioncollision systems. The initial null resultsfrom
APEX reportedastyearpromptedan extensivestudyby Monte Carlo techniqueof the detailedacceptancef
APEX, especiallyas comparedo the GSI experiments. This study hasrevealedno fundamentaleasonfor a
failure to observe anomalous pairs from an acceptance standpoint.

More recentlytwo collision systemshavebeenusedboth to calibratethe APEX ability to detectsuch
pairsandto examinethe 'bestcase'GSl result. For the former the collision system?98Pb- 208Pp was usedto
produce pairs from internal conversion of a-32* transition. These pairs have been seemresrowpeakin
the coincidence spectrum. The detailed peak shape is now being comigiaiddnte Carlo studiesto further
elucidate the APEX acceptance.

In anattemptto examinethe best-cas& S| result(narrowpeaksin positronsinglesspectrawherethe
guestion of acceptance is much simpler) eaeeacquiredfor the uranium-thoriunmsystem. A total of 37,000
positronswasdetected200 timesthat for the original GSI (EPOS)resultand 20 timesthat for a morerecent
EPOS result. After a preliminary analysis no peak structureshave been observedoutside statistical
fluctuations.

In light of theseresultsthe reality of the electron-pairphenomenoras reportedby GSl is calledinto
question. Further analysis of the APEX data and data acquisition are planned for the coming year.
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4.0 FUNDAMENTAL SYMMETRIES AND WEAK INTERACTIONS

4.1 CVC and SCC in the mass-8 isotriplet
L. De Braeckeleer, E.G. Adelberger, K.A. Snover, D.W. Stormzandright

The conservedvector current (CVC) hypothesispredictsthe existenceof a small weak magnetism
correctionto the B -decaysof 8Li and®B relatedto the isovectorM1 and E2 decaystrengthsof the isospin

analoguestatein 8Be. By measuringhe differencein o —B angularcorrelationsin the decaysof thesetwo
nucleil we may extractthe quantity b/AC + d;;/Ac, whereb is determinecby the M1 decayamplitude,c the
GT decayamplitude,the first term is the CVC-predictedweak magnetismcorrection,and the secondterm
represents second class current (SCC) contributions.

In previous experiments in this laboratnye havemeasuredhe GT strengthof 8Li and®B decay,as
well astheisovectorM1 strengthof the decayof theisospinanaloguedoubletin 8Be, to excited®Be. We have
combinedthesemeasurement® producea CVC predictionfor the weak magnetisnterm, and comparedhis
predictionto the a — 3 correlationdataof both Tribble and Garvey and McKeown, Garvey,and Gagliardi#
The CVC predictionandthe two datasetsareshownin Fig. 4.1-1. If we assumeCVC to be correct,we may
allow for the possibility of an SCC contributionby fitting the differencebetweenour predictionandthe data.
We obtain d|;/Ac=0.0+0.3+0.3 from Tribble and Garvey'sdata, and dj|/Ac=-0.5+0.2+0.3 from the data of
McKeown, Garvey, and Gagliardi. The first error bar quoted representghe uncertaintyin the a -3
correlationdata, the secondthe uncertaintyof our CVC prediction. If, on the other hand,we assumethe
absencef SCC,we maytestthe validity of CVC by comparingour predictiondirectly to the data. If we call
the multiplicative differencebetweernour predictionandthe datak , we obtainK =1.00+0.04+0.05 for Tribble
and Garvey'sdata,andK = 0.93 +0.03+0.05 for the datafor McKeown, Garvey,and Gagliardi. We thus
conclude that present experimental data are consistent with both CVC and the absence of SCC.

Uncertaintiesin the measuredsovectorgammadecaystrengthgive a significant contributionto the
uncertaintyin the CVC prediction of the weak magnetismterm. We are therefore planning improved
measurementsf both the total strengthandits distributionto variousexcitationenergiesof 8Be. To this end,
we havecarriedout a carefulinvestigationof the sourcesof backgroundn the 4He(a,y ) experimentusedto

measure the gamma decay strength.

Although difficulties in obtaining a correct normalizatiorakeit unattractivefor a measuremerdf the
total strength the useof a long (~40cm)gascell targetwhich allows the centerof the cell to be viewedby a
detectorwhile its Kaptonwindowsare shieldedby lead, eliminatesan importantsourceof y -ray background
andis thereforepreferablefor a measuremendf the decaystrengthdistribution. The remainingbackground
may be attributetb y -raysandneutrongproducedvhenbeamparticlesscatteredy thewindowsor thetarget
gas interact with the walls of the cell. By subtractingythey spectrum observed with the cell empty from the
spectrumobservedwith a He-filled cell, we can compensatdor the backgroundproducedby beamscattered
from the cell windows, but not for backgroundproducedby beam scatteredfrom the targetgas. Crude
estimatesf the magnitudeof eachof thesebackgroundsre consistenwith experimentallyobservedspectra
before and after subtraction.

INuclear Physics Laboratory Annual Report, University of Washington (1994) p. 19.
2Nuclear Physics Laboratory Annual Report, University of Washington (1994) pp. 20-21.
3R.E. Tribble and G.T. Garvey, Phys. Rev1Z 967 (1975).

4R.D. McKeown, G.T. Garvey and C.A. Gagliardi, Phys. Re22C738 (1980).

5L. De Braeckeleest al., Phys Rev C, in press.

25



The remainingbackgroundafter subtractionis unfortunatelystill comparablgo the signalfor y -ray
energiedelow~8 MeV. To reducethis backgroundye havedesigneda newgascell with a geometrychosen
sothatnoa particlesingly scatteredy thetargetgashits the cell wall in a regionvisible to our detectorwith
an energyof morethan~20 MeV. We planto line theseportionsof the gascell wall with Tantalummetal,
whose Coulomb barrier will greatly inhibit background-producing interactions.

The new cell will be used in a precision measurement of the gamma decay strength distribution.
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Fig. 4.1-1. The panels compare #i CVC prediction (assuming no SCC), shown as a solid curve, to the
data points of Tribble and Garvey (upper panel) and McKeown, Garvey, and Gagliardi (lower panel).
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4.2 Measurement of theB—a angular correlation in mass-8

E.G. Adelberger, J.F. Amsbaugh, P. CHarDe BraeckeleeP.V. Magnus, D.M. Markoff,
D.W. Storm, H.E. Swanson, K.B. Swartz, D. Wright and Z. Zhao

Among the measurementeeededo test CVC and/orsearchfor secondclasscurrentin the Mass-8
isotriplet, the measurementsf the 3 —a angularcorrelationsin 81i and®B arethe mostdifficult to achieve
with high accuracy. Both theeakmagnetismandthe weakelectricityinducedcurrentsare proportionatfto the
momentumtransferredin the decayand thereforecontributeto the observablesat the percentlevel. The
accuracyof thesemeasurementdetermineghe ultimate sensitivity of the symmetrytests. In particular,the 3

energydependencef the a, termin the f—a angularcorrelationis presentlyquite uncertain. The two

previous experiments2 supporta large quadraticterm, a fact not compatiblewith CVC and our recent
measurement of the E2/Méatio, (seeSection4.1). Our apparatudhasbeendesignedvith particularattention
to the responsdunction of the betacounters(deltaE, activeveto andstabilization). The dataaccumulatedn
August(1 week) andNovember93 (3 weeks)havebeenanalyzed. The 3 —a angularcorrelationmeasuredn

8Li is fitted byl + a cog0) + a co§(6); thea, anda, coefficientsare shownin Figs.4.2-1and4.2-2.
The kinematicalterm &, showsa little deviationfrom the expectedvalue at high energy. We are currently
investigatingthe origin of this systematiceffect. The &, coefficientdoesnot have a significant quadratic

energydependence.Two additional 3 countershavebeenbuilt and setup at O and 180 degrees. This has
required a modification of both the alpha countersand the hardware/softwareof the acquisition and
stabilizationsystem. We arenow in the processf testingthis newapparatus.We will alsospenda coupleof

weeks adding to the existing statistics of Hhé experiment. Finallyt;heSB run is awaitingthe completionof
the high intensitf He terminal ion source.
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Fig. 4.2-1. The kinematical coefficieaf measured  Fig. 4.2-2. Thea, coefficient measured in i
in the8Li decay. decay.

ITribble et al., Phys. Rev. @2, 967 (1975).
2McKeownet al., Phys. Rev. @2, 738 (1980).
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4.3 Completion of an apparatus to measure the PNC spin rotation of cold neutrons in a liquid helium
target

E.G. Adelberger, B.R. HeckdD.M. Markoff, S.D. Penn and H.E. Swanson

The apparatugo measurethe parity non-conservingPNC) spin-rotationof transverselypolarized
neutronsthrougha liquid heliumtargetis nearly complete. This apparatuss designedo measurea neutron
spin-rotationpredictedo lie betweerD and5 x 10~ radiand? in 46 cm of heliumwith anerrorof 5 x 1078
radians. This observablein conjunctionwith A (p + a),3 will determinethe PNC isovectorpion-exchange
amplitudeof the NN interaction, F,;. This amplitudeis sensitiveto the neutralweak currentcontribution.
Currentexperimentalesultsprovide upperlimits for F, thataresmaller,by a factor of three,thanthe early
theoretical calculationst  RecentQCD sum-rule calculation86 predict a smaller value for F; that is

consistenwith existingdata,andan expectedotationof 2 X 107" radiansin our targets. Our experiments
motivated by the need for a more precise measuremény.of

The two coaxial p-metal shieldshave beenconstructedand tested. With the cryostatin place, we
measurecxial magneticfields of 15-20 u G in the centerregion, rising to approximately40 p G on the ends.
This is comfortablybelow the maximumtolerablefield of 100 p G, setby the requirementhat spin-rotations
arising from diamagnetic effects of helium will be within our desired errors.

The cryostat insert housing the liquid helium targetstitbeil, and the pump and valeystemthatfill
andemptythe targetchambershasbeenbuilt. The feedthroughsystemwhich will drive the pumpandvalve
will be completed shortly.

The neutrondetector,a segmentedgHe ionization chamber,is currently under construction. It is
designedso that neutronsof different velocity rangescan be detectedseparately. The PNC effect is velocity
independent, while spin-rotations from magnetic fields are velocity dependent. Veémanatedetectiorwill
allow us to monitor the integrated magnetic fields along the neutron lpaditldition, the detectorsignalplates
are divided into four quadrants that will allow us to monitor false signals from geometric asymmetries.

The centralmi-coil hasbeenconstructedwound, and assembled.Preliminarytestsshowthe leakage

fields to be on the orderof 10 ™G nearthe coil, falling off to 107°G 5cm away. The qualitativefield shape
was consistentwith the sum of the coil symmetry(comparingfavorably with computerpredictions)and the
winding asymmetry.

The inputandoutputcoil forms havebeenconstructegandare currentlybeingwoundwith 1 mmwire.
With p-metal piecesconnectingthe main coil with the returncoils, we expectfield homogeneitie®f a partin

10*. The computerprogramto control the experimentandthe dataacquisitionis currently beingwritten and
tested.

Our scheduled beam time at tREST (Nationallnstitute of Standards&ind Technology)eactorfacility
in Marylandwill beginapproximatelytwo monthsafter reactorstart-upfollowing the schedulediown-timefor
facility improvements. We expect to take data in the fall of 1995.

1y. Avishai, Phys. Lett112B, 311 (1982).

2V.F. Dmitrievet al., Phys. Lett125 1 (1983).

3]. Langet al., Phys. Rev. 34, 1545 (1986).

4E.G. Adelberger and W.C. Haxton, Ann. Rev. Nucl. Part. Bi501 (1985).
5E.M. Henley, private communications.

6G. Feldmaret al., Phys. Rev. @3, 863 (1991).
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4.4 Measurement of Newton's constant G
E.G. Adelberger).H. GundlachB.R. Heckel and H.E. Swanson

Newton'sconstantG is one of the most fundamentalyet least preciselyknown constantsof nature
(G =(6.6726+0.0008 ><1O‘11m3kg'1s‘2) 1 andrecently eventhis value hasalso beenbroughtinto question.
The PTB (the GermanBureauof Standardspbtaineda value0.6% (~40 standarddeviations!)highe? thanthe
acceptedvalue,a group from New Zealandreporteda value which is 0.1% lower (~7 standarddeviations}
while anotherGermangrougt measurea valuethatis in accordancevith the CODATA value. In additiona
Russian group claims to observe a temporal variati@aifthe 0.7% levél.

We are pursuinga novelandelegantechniquethat we believemay ultimately makea determinatiorof
G at thelO °-level possible.

We planto usethe newrotatingtorsionbalance(describedn Section4.5) currently beingdeveloped
for testingthe universalityof freefall. We will usethel,m = 2,2 gravitationalcouplingfrom two masse430-
70kg) on oppositesidesof the pendulumto inducea torqueon the torsion pendulum. The turntablerotation
ratewill be servoedso that the pendulumdoesnot move with respectto the turntablei.e. so that the torsion
fiber nevertwists. This essentiallytransfersthe angularacceleratiorof the pendulumto the turntable. The
angularacceleratiowill be measuredisinga high-qualityshaftencodemttachedo the turntable. We planto
usea flat vertical pendulum;the expressiorfor the q.,,-momentof a two-dimensionapendulumcontainsthe

sameintegral over the massdistribution as doesthe momentof inertia. This largely avoids the important
experimental problem dfnowingthe dimensionsaanddensityuniformitiesof the smallpendulum. To eliminate
spurious torques caused by masses in the laboratory we will rotate the attractoomassesndurntableat
a different and possibly opposite rotation rate.

We madecomputersimulationsto study this feedbackscheme. From thesewe expectthat a 107
acceleratiormeasuremenwould ultimately be possible. We alreadyimplementedhe rotationfeedbackin our
existing rotating balanceand were able to verify the computersimulations. The dominantnoise sourcewe
encounteredvas due to gravitational effects from pedestrianand vehicular traffic in the vicinity of the
apparatus. The site of the new rotating balanoeaselativelyisolatedspoton the campusandshouldreduce
this problem. Furthermorehe rotationrate of the attractormassesan be chosento give a fairly high signal
frequency which will reduce gravitationaf-hoise.

1CODATA (Committee on Data for Science and Technology) 1986, based on "1986 Adjustments of the Fundamental
Physical Constants” By E.R. Cohen and B.N. Taylor, Rev. Mod. BAy$121 (1987).

2W. Michaeliset al., presented at the Conference on Precision Electromagnetic Measurement, Boulder, CO,

27 June - 1 July, 1994.

3M. Fitzgerald and T. Armstrong, presented at the Conference on Precision Electromagnetic Measurement, Boulder,
CO, 27 June - 1 July, 1994.

4H. Meyer, presented at the Seventh Marcel Grossmann Meeting on General Relativity, Stanford, July, 1994.

5V.P. Izmailovet al., Measurement Techniqu&8§, no. 10 (1993).
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4.5 Construction of a new rotating torsion balance instrument
E.G. Adelberger).H. GundlachB.R. Heckel, S. Penn, Y. Su and H.E. Swanson

We are preparinga new, more sensitiverotating torsionbalanceapparatugo searchfor violations of
the Equivalence Principle over length scales ranging from 1 m to infinity.

The dominant limitations of our previous results arose from:

» Brownian motion of the torsion pendulum due to gas damping in the residual vacuum of
=0.1 Torr.

» coherent imperfections in the turntable such as fluctuations in the rotation rate or vertical
"rumble".

* residual gravity-gradient couplings.
* daily variations in the tilt of the laboratory floor that required corrections to the data.

* vertical seismic motion was suspected (but never proved) to contribute to our fluctuating
errors.

Our new instrument is designed to minimize the first four of these problems.

» an ion-pump will be used to evacuate the chamber® ' torr.

* the torsion balance will be rotated on a high-quality air-bearing turntable on which a state-
of-the-art angle encoder and an eddy current motor are mounted directly. The turntable
system is being manufactured by a commercial firm, and is scheduled for delivery in late
spring.

* the tilt-sensitive parts of the apparatus will hang from a 2-axis gimbal constructed using
flexures to avoid sticking and hysterisis.

* the pendulum will be more symmetric; it will have 8 testbodies that mate reproduceably in
conical seats.

* the gravity gradient compensation will be improved by placing the compensators farther
from the balance.

We will develop the apparatus in two phasEgstwe will upgradeour existing Eot-Washbalancefor
high vacuum operation, and hang it from a gimbal mechanism attachedewthentable. This will allow us
to thoroughlytestthe turntableandidentify the necessarymprovementgor the secondgphase. We havebuilt a
massive concrete platform 5 m above the floor obteyclotroncaveon which the turntablewill be mounted
andbelow whichthe apparatusill hang. The pendulumwill be 2.5m abovethe floor to reducethe ambient
Q,4 gravitationalgradient. This initial setupshouldyield a factor of 5 more precisetestof the Equivalence

Principle.
The secondphasewill havea gimbaledstructureinsidethe vacuumvesselto supportthe tilt-sensitive
componentanda muchlongertorsionfiber. We will exploreusinga liquid-nitrogencooledjacketto reduce

thermalnoiseandfiber relaxationnoise. With this secondphasewe hopeto probethe EquivalencePrinciple
with a substantially improved sensitivity.
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4.6 Progress with the rotating-source torsion balance experiment
E.G. Adelberger).H. GundlachM.G. Harris, B.R. Heckel, G.L. Smith and H.E. Swanson

In last year's Annual Report! we reported preliminary results that were apparently limited by
systematicerrorsfrom gravity gradientsarising from imperfectionsin the 3 ton Uraniumsource. The largest
systematic error arose from them=3,1 coupling.

+ the strayQs, gradient of the source (due to machining imperfections) could not be measured

precisely (and therefore minimized) becausehgegradient of the earlier source did not vanish
by design.

+ the coupling to the stral;; moment of the pendulum (due to small test body misplacements)
led to variations larger than the statistical error.

We thereforemodified our 3 ton Uraniumsourcemassto havevanishingQz,and Qg ; moments. This
was accomplisheddy introducingtwo horizontal gapsaboveand below the midplaneof the Uranium brick
stacks. We used flat aluminum bearing plates as spacers; these allow us to rottalstackby 180 into
a configurationwhich maximizesthe Q31 moment. Using this sourceconfigurationto measurehe stray (5,
momentof the pendulumand special (5, testbodiesto measurehe stray Q,; gradientof the sourcein its

normalconfiguration,we wereableto demonstratéhat mostof the offset (torquesthat are independenof the
testbody configurationon the pendulumtray) is dueto the Qslqgl-coupling. We havetunedthe sourceand
the pendulumso that Q,,q,4 offset torquesare small, and we verified that the correctionsdueto Q,,d,,
coupling are negligible.

In additionwe havebuilt a setof newPb and Cu precisiontestbodiesthat seatmorereproduceablyn
the pendulum tray.

We now operateour instrumentat high vacuumand take datawith the sourcemassrotating faster
(=1rev/20min) than before and we achieve a statistical error of Gfday.

We have madeseveraltestsfor non-gravitationalsystematicsourcesof error, and establishedhat
magnetism,thermal variations, and apparatugilt now lead to insignificant uncertainties. To reduceour
thermal sensitivity we installeda glasstube which surroundsthe fiber. The Ag coatedtube increaseghe
pendulum time response to temperature changes to approx. 10h.

INuclear Physics Laboratory Annual Report, University of Washington (1994) p. 28.
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4.7 New tests of the universality of free fall
E.G. AdelbergerM. G. Harris, B. R. Heckel, G. Smith and Y. Su

Our testsof the Universalityof FreeFall (UFF) havereachedhe practicallimits of the currentversion
of the E6t-Washtorsionbalance. We studieddifferential acceleration®f Be-Cuand Be-Al test-bodypartsin
the fields of Earth, the Sun, or Galaxy, and in the direction of the cosmic micrdigalee We alsocompared
the acceleratioriowardsthe Sunandour galacticcenterof Cu andsingle-crystalSi in an Al shell (this pair of
bodiesapproximateghe elementalcompositionsof Earth'score andthe Moon or Earth'scrust, respectively).
In termsof the classicUFF parametem, our Earth-sourceaesultsare n(Be,Cu) = (-19+ 25 %1012 and
n(Be,Al)=(-0.2+ 29 x 1012 where all errors areal. Thus our limit on UFF violation for Be armdcomposite
Al/Cu body isn = (-11£ 19 x10-12. Our solar-source resulise Aa(Be,Cu) = (-3.0+ 3§ x 1012 cm/ s?,
Aa(Be Al)=(+2.4+ 58§ %1012 cm/ 2, and Aa(Si/ Al, Cu) = (+3.0+£ 409 x1012 cm/s?. This latter result,
whenaddedto the lunar laser-rangingesultsthat sensesoth composition-dependembrcesand gravitational
binding-energy anomalies, yields a nearly model-independeioff st UFF for gravitationalbindingenergyat
the 1% level. A fivefold tighter limit follows if composition-dependemiteractionsare restrictedto vector
forces. Our galactic-sourceesultstestthe UFF for ordinary matter attractedtoward dark matter, yielding
nPM (Be,Cu) =(-13+ 09 %1073, n°M(Be,Al)=(+18+ 14 x10°3, and
nPM(Si/ Al,Cu)=(+0.7£ 109 x103. This provideslaboratory confirmation of the usual assumptionthat
gravity is the dominantlong-rangeinteractionbetweendark and luminous matter. We also testedWeber's
claim that solar neutrinosscattercoherentlyfrom single crystalswith crosssections~10%3 times largerthan
the generally accepted value and rule out the existence of such cross sections.

Theseresultshaverecentlyappearedn print1 We arenow designinga newinstrumentwith improved
sensitivity (discussed elsewhere in this report).

1y, Suet al., Phys. Rev. 30, 3614 (1994).
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4.8  Search fory rays following the B3 decay of!%Mo to the first excited 0* state of1°°Ru
L. De BraeckeleeM. Feltori and A. Poon

A naturalattemptto reducethe backgroundof a very low countingrate measuremenis to setup a
coincidence experimentt hasbeenknownfor a long time thatthe ultimatesensitivityof a 0" - 2* BB 0-v
decay searchcould exceedthe one of 0"~ 0" becausethe photon deexcitationprovides an additional
signature that can be used to reject the background. Moreover, the ph;asﬁl:%@f 2" ov BB decayhasits
own particularfeatures. The neutrinolessO* - 2" transitionis extremelyinterestingfor particle physics

sinceits observationwould imply both a finite value of the neutrinomassandthe existenceof a right handed
current. It is alsointerestingfor nuclearphysicsbecauset involvesthe A ~ nucleontransition,a process
strictly forbidden for the 0"~ 0" case. However, the pessimisticestimatesof the rates for 0" . 2"
transitionsdueto both phasespacesuppressiomndsmall nuclearmatrix elementhavelimited the enthusiasm
of experimentalist$or the searchof this process.ls it possibleto usethe experimentahdvantagef the extra
signatureof the y —rays of the nucleardeexcitationand to avoid the theoreticaldisadvantagef the small

matrix elementgyoverningthe rate of 0" - 2" transitions?In the long wavelengthapproximationthe double
betadecayoperatorscan connectan initial 0" statewith 0, 1*, 2*statesin the daughternucleus. As a
generalrule, a decayto the1” is kinematicallyforbiddendueto its higherexcitationenergies. In somecases,
the decayto thefirst excited0™ stateis allowed. A favorablecaseis 100Mo, with a Q valueof 2 MeV to the
first excited 0" statein 1°°Ru. Recently,two groupshave attemptedthe observationof the B3 decayof

1009Mo to thefirst excited0” stateof 1°°Ru. Assumingsimilar matrix elementsas the onesgoverningthe

transitionto the groundstate,one expectsa partial half-life of 10?1 years. Presentlythe two groupsreport

conflicting results: (8.11'%3) x 10%° yeard and a null result at the level of 2 X 10?1 years? Previous

experimentshavefocusedon a very low backgroundspecialmaterialsand undergroundaboratory.We are
investigatinga different approachthe detectionin_coincidence of the 2 y rays following the B3 decayof

109Mo to thefirst excited0™ stateof 1°Ru. As a preliminarytest,we areusing2 mediumsize (55%) BGO
suppressed Germanium detectors (side mounted). Weeasuringhe coincidencebackgroundetweerthese
2 counters. The BGO'sare usedto veto the cosmicray backgroundaswell asthe naturalradioactivity. The
apparatus is covered by a 4" thick layer of OFHC copper and a 4" thick layer of lead.

The background level at the energies of 540 anckB90s (0.02 + 0.01)countper (1 keV)?2 peryear.
We are now measuring the coincidence background with a small sampddybtienum(35 g.) to find out how
the apparatugesponddo the radioactivity insertedin the sampleitself. A Monte Carlo calculationof the
efficiency of an apparatus equipped with 2 large detectors (170%) is under development.

*Department of Physics, University of Washington, Seattle, WA 98195.
IA.S. Barabaskt al., Nucl. Phys. BS28A 236 (1992).
2D. Blumet al., Phys. Lett. B274, 506 (1992).
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4.9 Test of time reversal symmetry: The emiT experiment
S.R. Elliott, R.G.H. Robertsoii.D. SteigerD.l. Will and J.F. Wilkerson

The fact that CP (combinedchargeconjugationand parity symmetry)conservatioris violatedin kaon
decayswas discoveredover three decadesago! Despitethe considerableefforts of numerousresearchers,
however,this phenomenonemainsto be adequatelyexplained. The observationof CP symmetryviolation
combinedwith the CPT theoremimpliesthat T (time reversal)symmetrymustalsobe violated. Thus,testsof
T symmetryprovide a probeof the thirty-year-old CP puzzlewhich complementslirect CP symmetrytests.
Scientistsat the NuclearPhysicsLaboratoryalongwith colleaguegrom Los AlamosNationalLaboratory the
National Institute of Standards and Technology (NIST), Notre Danneersity, the University of Californiaat
Berkeley/LawrenceBerkeley National Laboratory,and the University of Michigan, have formed the emiT
Collaboration to carry out the most precise test of T symmetry ever performed using neutron decay.

The complete neutron beta-decay distribution may be written:

dP(pe.py) - G(Ey) (1+ape-p\, +Ac,-PevBe . DY ipg . pexpv)
dQedQ, dE, EeEy Ee By EeEy

wherepg and Eg are the momentum and energy of the elecipgnandE, representthe emittedneutrino,o ,
is the spin direction of the neutron,and G(Ee) includesphase-spactactorsandthe Fermi function. In this
equation, the term proportionalttee triple correlationo , - (pe X py ) is theonly termwhichis oddundertime

reversal.Thus, the goal of the emiT experimentis to measureor place limits on the coefficient, D, which
describes the strength of time reversal violation.

The experiment will be performed by observing in-flight decay of low-en@d meV) neutrondrom
the Cold Neutron Researélacility at NIST in GaithersburgMD. Usingenergyandmomentunconservation,
the unobservablevariablesdescribingthe neutrino may be replacedby measurablevariablesdescribingthe
proton.Thus, D may be written in termsof o, - (Pe X Pp), andthis quantity may be measuredvy detecting

boththe electronandthe proton,andmonitoringthe angularcorrelationbetweertheir momentaas the neutron
polarization is flipped.

The emiT detectorconsistsof four plasticscintillator paddlesor electrondetectionandfour arraysof
large-areaPIN diodesto detectthe protons. Theseeight detectorsegmentsare arrangedin an alternating
octagonal array about the neutron beam so that each segment of diess i angleof 135°relativeto two
segmentsof the other type. This geometrytakes advantageof the fact that the electron-protonangular
distribution is strongly peaked due to the disparate masses of the decay products.

The emiT experimentis currently concludingthe designphaseand enteringthe constructionphase.
Assembly on the floor of the NISfBactorwill beginbeforethe endof 1995. The primaryresponsibilityof the
UW teamis the productionof the proton detectorsegmentsncluding read-outelectronics,detectorsupport
frame, andassociatedacuumsystems. Thefeasibility of the proposedrotondetectionschemevasdecisively
proven during a test run at the NIST reactorin 19922 The proton detectorsegmentsand the front-end
electronics are currently under construction at the Nuclear Physics Laboratory.

1J.H. Christensost al., Phys. Rev. Lettl3, 138 (1964).
2E.G. Wasserman, Ph.D. thesiane Reversal Invariance in Polarized Neutron Decay, Harvard University, 1994.
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5. ACCELERATOR MASS SPECTROMETRY (AMS)

5.1 Paleoclimate studies using AM Sradiocarbon (14C) dating of pollen from lake sediments and peat
deposits

T.A. Brown,* G.W. Farwelland P.M. Grootéds

We have continuedour developmeniand refinementof techniquesfor the isolation and AMS 14C
datingof essentiallypure pollen fractionsfrom lake sedimentand peatsamplesunderpartial funding through
an NSF grant under the Paleoclimatefrom Arctic Lakes and Estuaries(PALE) Initiative of the ARCSS
Program (Grant No. ATM91-23963). Weaveappliedthesetechniquego a numberof corestakenfrom lakes
and bogs in Washington, British Columbia, and Alaska.

Someof our resultswere summarizedn lastyear'sAnnual Report! A comprehensivelescriptionof
the work and a discussiorof the resultsare givenin the Ph.D. dissertationof ThomasA. Brown2 A paper
describingthe principal featuresof our 14C AMS systemandits performancdabsoluteaccuracy 0.5%or
+ 40 years) has now been publisRed.

Radiocarbondating of organic material from lake sedimentsand peat depositshas beenused for
decadesin paleoclimatestudies. During the past several years, AMS measurement$ave increasingly
supplantedhe traditional 3 -countingmethodof 14C datingsincethey offer greatlyincreasedsensitivity (sub-
milligram samplescan be dated)and, in many instancesgreateraccuracy;they are also very much faster.
However,the typical "bulk carbon"samplepreparatiortechniquesusedfor both AMS and 3 -countingleave
unansweredhe questionof just what is being dated, a grave disadvantagen palynological and other
paleoclimatestudies. In contrast,the extractionproceduresthat havebeendevelopecheretypically produce
purified pollen sampleswhich can be clearly identified underthe microscope;ithus, an unambiguousproxy
climate indicator --pollen-- is dated,and nothing else. Additionally, our resultsto daté* show that the
extractionanddatingof pollenfractionseliminates'hard watereffects"as sourcef datingerrors(sometimes
thousand®f years)anddemonstrat¢hat significantagedifferencescanexist betweerpollen and macrofossils
at the same level in a sediment core.

Recentresultsfrom the applicationof our pollen extraction/AMSdating procedurego a low-organic-
contentArctic lake sedimentcore? were useful in rectifying an apparentage-depthreversalin the results
obtainedfrom "bulk carbon"sampledrom the core. Theyalsodemonstrated clearneedfor carefulscreening
of preparedsamples,through microscopic examination,for suitability in obtaining valid and consistent
radiocarbon dates for palynological and other paleoclimate studies.

With the recentdeparturef ThomasA. Brown and PieterM. Grootesit hasbecomeunfeasibleto
continuethe programof radiocarbonPAMS measurementserein the NuclearPhysicsLaboratory. The NSF-
PALE paleoclimatevork will continue,however,asa collaborativeeffort, with the AMS measurement® be
carried out at the Lawrence Livermore National Laboratory, Livermore, California.

*Now at Centerfor AcceleratorMassSpectrometryl -397, LawrencelLivermoreNationalLaboratory, Livermore,CA,
USA 94551.

tNow at C-14 Leibnitz Labor, Leibnitzstrasse 19, Christian Albrechts Universitat, 24118 Kiel, Germany.
INuclear Physics Laboratory Annual Report, University of Washington (1994) pp. 30-31.

2Thomas A. Brown, Ph.D. Dissertation (Geophysics), University of Washington (1994).

3T.A. Brown, G.W. Farwell, and P.M. Grootes Proceeding®f the 6th InternationalConferenceon AcceleratorMass
Spectrometry (1993), Nucl. Instrum. Method928 16 (1994).

4T.A. Brown, G.W. Farwell, and P.M. Grootes presentedt the 15th InternationalRadiocarbonConference August
15-19, 1994, University of Glasgow, Scotland.
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6. ATOMIC AND MOLECULAR CLUSTERS

6.1 Stopping power s of atoms and atomic clusters
J.F. Liang, R. Vandenbosch and W.G. Weitkamp

We have continued our effort to determine vicinage effects in the stopping power of small carbon
clusters. We are particularly interested in the energy region where with decreasing energy electronic stopping
gives way to nuclear stopping. In this energy region the differences in stopping are small as the nuclear and
electronic vicinage effects tend to cancel each other. Last year we reported our results for the stopping of
single carbon atom anions.! We have extended these measurements to C, and to a lesser extent C5 anions.

The measurements consist of comparing the energy loss of C™ with C, at the same bombarding energy per

carbon. This means the degraded carbon ions exiting from the stopping foil have close to the same energy, with
any difference reflecting vicinage effects. Our first series of measurements were made with a surface barrier
detector with athin Au window.

We first determined that the vicinage effects were independent of the stopping foil thickness in the

range explored, 5-25 ug/cmz. This is to be expected as the clusters will break up and the atoms separate
soon after they enter the stopping foil. In view of the independence of the vicinage effect on foil thicknessit is
more appropriate to express the effect as the difference in stopping power for clusters as compared to single
atoms, rather than the ratio of the stopping powers. We have found that C,, clusterslose energy faster than C™
ions at the highest energy studied, 165 keV per carbon. Asthe energy decreases the difference disappears.

Since the vicinage effects are very small we have decided to explore an aternate detection technique
based on energy analysis of the degraded ions in an electrostatic deflector. We have reoriented a 90 degree
bend deflector originally built to deflect the polarized ion source beam into the injection line of the tandem
accelerator. This deflector transmits more than 70% of undegraded beam to a Faraday cup. Our
measurements to date with this deflector have concentrated on measurements with low energy beams and a 5

Mg/ cm? stopping foil, and have confirmed that vicinage effects are small in the 30-50 keV per carbon energy
range.

INuclear Physics Laboratory Annual Report, University of Washington (1994) p. 59.
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6.2 Sizedistributionsfor RbC,, clusters
R. Vandenbosch and D.I. Will

It has been known for some time that low-mass carbon clusters exhibit an odd-even intensity pattern
largely independent of the method of production of the clusters. The yield of negative ions, C,,, is larger by
typically afactor of 2 to 3 for even mass clusters through n about 8 or 10. This favoring of even-n clustersis
attributed to the larger electron affinities of carbon chains with an even number of carbons, as can be
understood from the occupancy of delocalized pi €lectron orbitals.?

Middleton® first reported a much stronger odd-even dependence in the yield of CsC,, clusters, for
which the enhancement of even clustersis typically two orders of magnitude. No explanation of this striking
effect has been offered. We decided to see if it occurs for mixed clusters with other alkali metals. We have
measured the intensity of RbC,, clusters from the sputtering of graphite with Rb+ ions. The results are given
inFig. 6.2-1. Aswas observed for CsC,, clusters, the enhancement of even-n clusters is more than two orders
of magnitude.

In an attempt to understand this enormous enhancement, we have initiated ab initio quantum chemical
calculations of the electron affinities of C,, and RbC,, clusters. We are using the Gaussian 92 program* with
the LANL2DZ basis functions. These basis functions are capable of reproducing the odd-even alternation in
electron affinities of linear C, chains. Our preliminary results for RbC,, indicate an odd-even variation of
similar magnitude to that for C,,. The absolute values of the electron affinities however are much less, with the
odd-n RbC,, clusters (with the exception of RbC) not having stable anions (not having positive eectron
affinities). Although the calculations may not be accurate enough to conclusively determine whether the odd-n
clusters have negative affinities, the results of the calculations strongly suggest that the origin of the large
enhancement is the much smaller absolute values of the electron affinities of RbC,, as compared to C,,.

In the course of these calculations we have also explored the relative energies of different geometrical
configurations for the RbC,, clusters. We find that linear clusters with the Rb on one end are appreciably more
stable than linear clusters with the Rb in the middle, or than for small bent clusters.
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Fig. 6.2-1. Intensity distributions for RbC,, clusters produced by Rb sputtering of graphite. The small yields
for n=3,5 and 7 are upper limits.

2R. Middleton, Nucl. Instrum. Methods B 58, 161 (1977).
3R. Vandenbosch et al., Nucl Instrum Methods B 88, 116 (1994).
4Gaussian 92, Revision G.1, M.J. Frisch et al., Gaussian, Inc., Pittsourgh, PA, 1992.
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6.3 High energy fragmentation of C60

R. Vandenbosch

The unusual stability and high symmetry of Cy, resultsin a great deal of interest in the mechanisms by

which this molecule dissociates when sufficiently excited. Two rather different mechanisms have been put
forward to account for the approximately exponential fall off in yield as the heavy fragment mass decreases
from the mass of the parent molecule. Oneis the successive removal of a number of C,, molecules. The other

is a decreasing probability for emitting fragments of increasing mass in a binary process. We report here a
semi-quantitative examination of the latter mechanism. It was motivated by a recent report of the C; yidd
distribution, where both the light (n < 20) and heavy (n > 40) fragments were reported.> A remarkable feature
of the data, shown in Fig. 6.3-1, is the near-symmetry of the size distribution. This is exhibited by reflecting
the yield of light fragments with n = 19 and plotting them as the closed symbols at 60-n. This symmetry is
very suggestive of abinary fragmentation mechanism, Cgy - C, + Cgy_ .

We have devel oped a binary fragmentation model based upon the assumption of unimolecular
dissociation from a statistically equilibrated system. One ingredient in such amodel isthe activation energy for
aparticular fragmentation channel leadingtoa Cg, , and a C,, primary product pair. DeMuro, Jelski, and

George® have considered the genera problem of removing carbon chains under a constraint to leave the
resultant heavy fragment as close as possible to the original buckyball. They find that lossof 4, 6, 8 . . . atoms
can occur viaan "unzipping" process, yielding low-energy structures down to 44 atoms. The activation energy
for aparticular fragmentation channel should be approximately proportional to the number of bonds broken in
this unzipping process. We have used the tabulated results of deMuro et al. for the number of bonds broken
when chains of different length are extracted from Cg, to estimate the relative yields of different fragmentation

channels. A fit to the datayields the full curve shown in Fig. 6.3-1. This mechanism also leads to a natural
explanation of the dominance of even-n for the heavy fragments. Odd-n primary heavy fragments cannot be
produced by this unzipping process. The observed yields of odd-n fragments for the lighter fragments may be
the consequence of C, and C, evaporation from excited chains. The chains produced by unzipping Cg, will

have considerable strain energy in addition to their share of the residual excitation energy.
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Fig. 6.3-1. The open squares represent the singly positive charged yields of LeBrun et al. for 625 MeV
bombardment of Cy, vapor. The open circles are the reflection of the heavy yields assuming binary

fragmentation. The full curve isabinary fragmentation fit to the heavy fragment yields.

5T. LeBrun et al., Phys. Rev. Lett. 72, 3965 (1994).
6R.L. deMuro et al., J. Phys. Chem. 96, 10603 (1992).
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7.0 ULTRA-RELATIVISTIC HEAVY ION COLLISIONS

7.1 URHI Group Overview

S.J. Bailey, H. Bichsel, P. Chan, J.G. Cramer, P.B. Cra@eE, Harper, M.A. Howe, G. Odynidc,
D.J. Prindle, J.G. Reid, R.J. SeymdluA. Trainor, P. Venable and J. Zhu

The major achievementor our groupin the pastyear hasbeenthe highly successfufirst NA49 160
GeV/uleadbeamrun at CERN this pastNovemberand December.In preparatiorfor this run the UW group
hasacceptedx leadingrole in the productionof Main TPC trackingsoftware(Sections/.5 and7.6) and slow-
controlssystemcoordinationsoftware(Sections7.4 and 9.4). The CERN and heavyion communitieshave
recognizedthat NA49 has carried out a major achievemenby bringing into operationa highly complex
experimentalsystemwith almost perfect functioning during its first running period. This experimentis
considered to be the flagship experiment for the CERN heavy ion program through the year 2000.

Thefull NA49 systemwill consistof two 1.5T vertexmagnetswith onevertex TPC installedin each
magnetgap,andtwo largemain TPCson eitherside of the beamand 10 m downstreanfrom the maintarget.
Of thesethe secondvertex TPC andtheright Main TPC havebeeninstalledfor this first leadbeamrun. The
full TPC complement will be installed in time for the 1995 run next fall.

The Main TPCsareeach3.5 m squareby 1.2 m high in activevolume. EachTPC hasabout64,000
electronicschannelswith 512 ADC samplesper channelper event. This producesa datarate for one main
TPC of about 3-4 Mb/s. The total data volume after five days of NA49 operation was about 1.5 Thyte.

SuccessfuMain TPC tracking was accomplishedninutesafter the first datawere recorded. Track
and chargedistributionsweredisplayedwith a UW-produceddisplay packageg(Section7.7) and were usedto
checkout and optimize the functioning of the TPC on line and to analyzethe performanceof the tracking
software offline.

The UW group also playeda lead role in preliminary analysisof Main TPC data (Section7.3) in
preparationfor the Quark Matter 95 meetingat Monterey, CA in January. Charged-particlenomentum
spectra,collision systemtemperaturedistributions and net-chargemomentumdistributions were extracted
duringthe weekfollowing the endof therun. TheseUW efforts,in combinationwith otherVTPC andMTPC
analysisefforts by NA49 collaboratinginstitutionssuchas MPI-Munich, LawrenceBerkeleyLaboratory,and
IKF-Frankfurt provideda goodpreliminarydescriptionof this newlead-leadcollision systemonly weeksafter
the first availability of beam.

In additionto our NA49 activitieswe havecontinuedan activerole in the STAR collaborationwhich
will mounta solenoidaldetectorat the RHIC acceleratoin time for turn onin 1999. Someof theseactivities
included developmenif STAR trigger algorithmsbasedon correlationmeasuregSections7.11, 7.12 and
7.13), developmentf a servo-controlledl PC high voltagecontrol system,and simulationsin supportof the
STAR silicon vertex tracker (Section 7.8).

In addition to collaboration-specific activitigge continueto pursuea stronginterestin developmenbf
HBT or Bose-Einsteircorrelationdetermination®f collision systemspace-timegeometry(Sections7.9 and
7.10).

*Max-Planck Institut fir Physik, Fohringer Ring 6, D-80805 Miinchen, Germany.
T Lawrence Berkeley Laboratory, Berkeley, CA.
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7.2 NA49 Pb run first results

S.J. Bailey, H. Bichsel, P. Chan, J.G. Cramer, P.B. Cra@et, Harper, M.A. Howe, G. Odynidc,
D.J. Prindle, J.G. Reid, R.J. SeymdluA. Trainor, P. Venable and J. Zhu

This pastNovemberand DecembeiNA49 carriedout at CERN the first dataacquisitionwith 33 TeV
lead projectilesincidenton a leadtarget. Operationaldetectorelementsncludedan in-magnetic-fieldvertex
TPC, an out-of-field main TPC, a ring calorimetercoveringthe pseudorapidityegion2.1 < n < 3.4,anda
veto calorimetercoveringthe very forward pseudorapidityregionwhich acceptsspectatomprojectile particles,
i.e., those which have not participated in the collision.

A minimum-biascorrelationplot betweenE,,, and E; for the veto and ring (transverseenergy)
calorimeters respectively shows an expected anticorrelation of these observables extendig froB3 TeV
at E; =0 (nocollision)to E ,, = 6 TeV at E; = 0.5 TeV (centralcollision). Positionof aneventalongthis

correlationis determinedmainly by the particular collision geometry(impact parameterfor the event. The

observedminimum E, ., energyis equivalentto about 38 noninteractingprojectile particles (spectators)
incidenton this calorimeter whereassimple modelcalculationspredictabout13 spectatoiparticlesor 2 TeV.

Therefore,about 4 TeV equivalentenergy in produced particles must fall within the veto calorimeter
acceptance.

Using thesecalorimeterdatathe degreeof stoppingof projectile particleswhile passingthroughthe
targetcan be comparedfor thesenew Pb-Pbresultswith that for S-Au obtainedby NA35. The degreeof
stoppingis found to be similar, for a correspondingmean number of interactionsof projectile particles,
indicating that collective effects in the stopping process do not seem to dominate.

More detailedanalysisof calorimeterdataindicatean energydensityin the collision systemof about3

GeVAm?3 in a volume (from HBT measurementspughly 3.5 timeslarger than that for 200 GeV/c sulfur-
sulfur.

Preliminaryanalysisof vertexand main TPC dataindicatethat the negativechargedparticle (mainly
pion) distribution in pion rapidity has a peak value at midrapidity of about 230 per rapidity unit. This
distribution is significantly broaderthan would be expectedfor particle emissionisotropic in the CM. A
preliminary study of Bose-Einsteircorrelationsof negativeparticlesindicatethat the sourcesizeis about7.4
fm, as compared to a source size of about 4.7 fm for sulfur beam.

These preliminary results indicate the achievementof energy densities and produced particle
multiplicities consistentwith predictedconditionsfor color deconfinement. The similarity of the degreeof
stopping for sulfur and lead on heavy targets indicates the absence of rescattering or other collective effect.

*Max-Planck Institut fir Physik, Fohringer Ring 6, D-80805 Miinchen, Germany.
TLawrence Berkeley Laboratory, Berkeley, CA.

40



7.3 NA49 Pb run preliminary spectrum analysis
P.Chanand T.A. Trainor

Whenthe 160 GeV/u leadbeambecameavailableat the CERN SPSlast fall, we carried
out a preliminary spectrum analysis for experiment NAA®Ris1 TPC in orderto provideaninitial
look at the data. This analysisalsoservedasa checkon the statusof the hardwareand analysis
software.

The NA49 right main TPC is locatdd m downstreanirom thetargetanddoublemagnet
systemwith a lateraldisplacemenbf 2 m to the right of the beam. Straighttracksare deduced
from correlationof ionization depositedoy chargedparticlestraversingthe TPC active volume.
For eachreconstructedrack, the correspondingarticle'sphysicalparameterssuchastransverse
momentum(py), rapidity assumingpion and proton mass(Yy, Yproton), @nd transversemass

(my = ptz + m,% ) are determined. Due to the condition of the softwareenvironmentin these
early stagespnly 100 eventsof negativeparticles(h_) and 70 eventsof positive particles(h..)

wereusedfor this analysis. On averagethereare 320 reconstructedracksper eventfor h_ and
390 forh, .

The only correctionappliedto the raw spectrumwas the TPC geometricalacceptance.
Two acceptanceorrectionfactorswere determinedpnefor p; andonefor m; spectra. The p;

acceptanceorrectionwas determinedby comparingthe simulatedoutput of GEANT with flat
phasespaceinput. On the otherhand,a VENUS-generateghhasespacedistributionwas usedto
determinedhe acceptanceorrectionfactor for the m, distribution. Due to the lack of statistical

power over certain regions, the acceptance correction was most reliabieYfer<5s.

For a pion masshypothesisp; acceptanceorrecteddataare thenusedto produceevent
averagedp; < dN/dp;> andrapidity <dN/dY > distributionsfor h_ and h,. The preliminary
resultshowsa meanp, of 370 and440MeV/c for h_ and h, respectively. The m; acceptance
correctionfactor is usedto obtainthe m, distribution 1/m,; <dN/dm,> which is fitted with an
exponential dependence o. The fitted inverse slope parameter temperaturejs 190and250
MeV for h_ andh, spectra respectively.

A "net baryon" distribution can be deduced from the charge excess bétebgnand h_
spectra. The preliminary analysisshowsa meanp; of 580 MeV/c for this distribution. The
rapidity distribution peaks near mid rapidity.

This setof resultsfrom the preliminarydataanalysisprovidesus with a first substantive
glanceat the dataobtainedfrom a new generationof ultrarelativisticheavyion experiments. It

alsomakesclearthe challengeto our softwareanalysissystemin analyzingthe bulk of datato be
generated by NA49 in coming years.
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7.4 Experience using SControl in CERN experiment NA49
J.G. CramerP.B. Cramérand M.A. Howe

SControlwasdesignedseeSection9.4) for CERN ExperimentNA49 andwasusedextensivelyin the
initial Autumn 1994 run of NA49. The programoperatedon a dedicatedHP-712workstationin the NA49
counting room. In this applicationits function as a "control" systemfor actively changingexperimental
parametersvasminimal. The principal tasksof SControlwere: (a) to collect experiment-statusmformation
from 6 satellite processors(b) to maintainan archiveof this information by updatingan archivefile, (c) to
maintaina datastructure(BOS bank)thatwasreadat irregularintervalsby the dataacquisitionsystem (d) to
provide user-controlled displays of experiment parameters of interest, and (e) to generate and manage alarms.

The experimentwasrepresentetty pagesorganizedn a hierarchicalstructure with a "home"pageat
the top level showingan orthographicrepresentatiorof the whole experiment. On this diagramthe major
subsystemsvere outlined in white, and eachof theseoutlined regionsprovideda hyper-link to the top-level
pageof the subsystem. The subsystentop-level pagestypically showeda block diagramof the subsystem,
with blocksoutlinedin red providing hyper-linksto the appropriatesub-sub-systemsThis patternof diagrams
with hyper-linkswas repeatecdat one or more levels until a pagewas reachedthat was designedto monitor
severalrelated functions of a particular subsystem. For example,a pagedisplayedas a strip chart the
measuredrift velocity of gasusedin a TPC, the pressureand temperatureat which the measurementvas
made a "normalized"drift velocity thathadbeencorrectedfor variationsin temperaturepressureandelectric
field, and a scatter plot correlation of measured drift velocity with measured pressure.

An alarm systemwas createdwhich generatedappropriatelevels of alarms when (a) certain
temperaturesventout of rangeand(b) whenoneof the "heartbeat'signalsprovidedby the satelliteprocessors
failed to recur at the expected interval.

Archives were updatedevery 10 minutesand organizedinto daily files, eachinitialized at midnight.
About 200 Mb of archived parameterfiles were accumulatedduring the NA49 run. Measuredgas
temperaturespressuresand other data from thesefiles have already proved very valuable in providing
comprehensive time-dependent estimates of the drift velocities in the NA49 TPCs.

Experienceduringthe 1994 run of NA49 provideda numberof lessonghatbearon the applicationof
SControl to future experimentsand NA49 runs: (1) It is importantto establishand enforce a naming
conventionfor the slow control parametersarchived. Namessuppliedby satelliteswere usedto identify
parametersn the archives. Parametersvith time-dependenhamesproved troublesome. (2) Wheneveran
alarm link is created,a messagealescribingthe action to be taken when the alarm occurs should also be
provided. No alarm is "obvious". (3) In the 1994 NA49 run, all sloatrolinformationwaswritten eachday
to a masterarchivefile. Becauseof the large volume of array information (up to 12 Mb/day) storedin the
archivefile by the two time-of-flight systemsthis arrangemenprovedunwieldy. In future runs, whenthere
will be moredetectorson line, we will maintainseparaterchivefile structuredor severalsubsystems.(4) A
betterway of reviewing archivedinformationis needed. We are consideringa facility for convertingslow
control archivesto a PAW ntuplefor analysis. (5) One of the greatadvantagesf SControlis the easewith
which the user interface cdve modified andexpandedvhile running. However this canleadto confusionand
duplication unless the application developer exercises restraint.

*Max-Planck Institut fir Physik, Fohringer Ring 6, D-80805 Miinchen, Germany.
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7.5 NA49 main TPC tracking software
S.J. Bailey P. Chan, D.J. Prindle, S. Schénfelti@tA. Trainor, P. Venable and X. Zhu

The original NA49 tracking softwarewas an extensionof NA35's TRAC program,modified to matchthe
geometryandtrackingneedsof NA49. All stepsof the analysisfrom readingthe raw datathroughthe momentum
calculation were incorporated into a single large stand-alone program (TNT).

To allow a moremodulardesignandinteractiveaccesgo the data,the NA49 ServerEnvironmentNASE)
was createdat IKF, Frankfurt,for useby all NA49 analysisprograms. This serverprovideda centralmemory
managethat separatelient programscould accessthussharingdata. After a client hadfinished,its outputdata
wasstoredin the centralserverwhereuserscould accesghe datato immediatelyview the resultsfrom a PAW-like
environment.

The stand-alondracking softwarewas modified andsplit up into severalseparatelientsfor NASE. This
collectionof clients,STIRN, becamehe basisfor NA49 MTPC tracking. STIRN includesmodulesfor readingin
init files with setup parametersraw-datareading and space-pointfinding, tracking, dE/dx calculation, and
momentumdetermination. It also comeswith a collection of utility clients for matching simulatedtracks to
reconstructedracks, calculatingtwo-track resolution,and other programsfor debuggingand testingthe primary
clients.

Although improvements continue to be made to STIREclientswerereadyandtestedon simulateddata
beforethefirst dataacquisitionrun took placeat CERN this last Fall. Thus,we wereableto view reconstructed
tracksliterally within minutesof theinitial raw dataacquisition. The modularnatureof STIRN allowednumerous
improvements and suggestions to be rapidly implemented during the run.

Although useful, NASE suffersfrom beingslow, using memoryinefficiently, andinstability. Becauseof
theseproblemsSTIRN was recently convertedto run under DSPACK, an alternateserver system. Because
DSPACK usessharedmemoryinsteadof copying datathroughUnix socketsthe performanceof STIRN under
DSPACK is significantly enhanced. DSPACK is also a more stablesystemthan NASE and initial resultshave
been promising.

Until both systemshavebeenfully tested STIRN is being simultaneoushdevelopedor both serverswith
the choiceof which serverto usebeingmadeat compiletime. This allowsboth systemdo be testedand compared
while maintainingthe samesourcecodefor the core of the analysisto ensureaccountabilitybetweentestsof the
different systems.

*Max-Planck Institute fiir Physik (MPI), Féhringer Ring 6, D-80805 Miinchen, Germany.
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7.6 NA49 InitEdit database editor
S. Bailey, P. Chan, J.G. CramBxJ. Prindleand T.A. Trainor

The NA49 main TPC tracking code (see previous section of this Annual Report) has had all parameters
relating to track finding excised frothe codeandplacedin initialization files. This makest easyto checkthe
effect of eachparameteron track finding. The drawbackis that we needan accountablevay to checkand
modify what is in the initialization file. To do this we have written a program specifically to edit these files.

InitEdit canbethoughtof asa userinterfaceto the trackingcodeparametefiles. InitEdit usesMotif
widgets as its interface elements. The tracking parameters are typically read from a file and after etiting can
written back to a file or sent directly the NASE server. This ability to sendthe parameterslirectly to NASE
makes it very easy to test a variety of parameter values before committing them to a file.

The initialization dataaredivided into sectionswith a given programmoduletypically usingonly onesection
of theinitialization data. InitEdit editseachsectionindependentlymakingit easierfor the userto worry only
about the relevant parameters. InitEdit can check that the parametersare within an acceptablerange.
Typically it checks that the user has entered a valid number and makes no restriction on the range.

[ due to imaging conflicts, this figure is viewed by selecting "Fig 7.6" on the Table of Contents.]

Fig. 7.6-1. Example of an InitEdit screen. This screen allows one to modify the track-finding parameters.
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7.7 Na49 display
S. Bailey, P. Chan, J.G. CramBrJ. Prindé and T.A. Trainor

To help checkour track finding andfitting algorithmswe have developedan eventdisplay program.
This programusesthe Motif widget set for its user interface elementsand draws to the screenusing X
primitives. This allowsit to be usedfrom any X terminal. Currentlythe programknowshow to draw Monte-
Carlo and reconstructed space pointall NA49 TPCsaswell asMonte-Carloandreconstructedracksin the
Main TPCs.

Navigationthroughthe datacanbe doneby holding one of the mousebuttonsdown while moving the
mouse. Holding the left mousebutton down while moving the mousesimply movesthe display objects.
Holding the middle mousebutton down causesa zoom toward or away from the point under the cursor.
Holding the right mousebuttondown while moving the mousecauseghe objectsin the displayto rotateabout
the origin. One of the main features of the program is that it dyaitesquickly, allowing oneto view the wire
frame TPC outlines and all trac#aringa rotation. This makest very easyto orientthe displayto look along
a precise direction.

There are numerousother features,including the ability to selectpoints or tracks, attachscalesto
points and hide categories of objects in addition to an extensive help selection.

[ due to imaging conflicts, this figure is viewed by selecting "Fig 7.7" on the Table of Contents.]

Fig. 7.7-1. An example of the display screen.
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7.8 Energy deposition and particle identification in a TPC
H. Bichsel

Becauseheindividual detectorcellsin a TPC encompass limited volume (of the order of 5x10x40
mm), the ionization J observed(which correspondgo the energydepositedn that volume) differs from the
energyA lost by a chargedparticletraversingit. It is quite easyto calculatethe energylost! It will include
large energy losses which produce secondary elect®@mnsys". If the path of & ray carriest outsideof the
measurementolume, the energydepositedwill be reduced.t is also possiblethat & rays from neighboring
volumes will enter the volume under consideration ("crossers"), and the energy deposited will be increased.

Sincel is related to particle speed, it is possible to determine from it the parasigf the momentum
of the particleis determinedn anothermeasurement.The processof massdeterminationis called "particle
identification"(PID). Theionizationis a stochastiquantity,thusa largenumberof valuesof J (of order100)
are measured in successive layers @ét@ctor. Then,a suitableaveragevalueJ, mustbe selectedrom all the
values of] to get the speed. Mon@arlo calculationssimulatingthe proceshavebeenmade,andthe rangeof
particle momenta for which PID is possible has been determined.

The energy loss spectrum for particles valtargez = 1 and By = 5.2is shownby thesolid line in the
Fig. 7.8-1. The useof 60% of all A to obtain A, excludesvaluesaboveaboutA. = 7 keV. Thusthe
difference betweeh andJ needs to be known only fédr< 7 keV. Monte Carle@alculationdor the effecthave
beenmade. Theresultis shownby the dashedine: the differencebetweenA andJ is large? only for largeA.

Thelargestcontributionto the differenceis the presencef crosserstheir energydepositionis at least10 keV,
thus anyd which includes a crosser will veell aboveJ. andwill notberelevantto PID. Thetotal numberof

crosserss of orderof 2%, dependingon the geometry,andthe neteffectis simply that the energydeposition
spectrums reducedoy 2% comparedo the energydepositionspectrum. Electronsescapingrom the counting
volume occur for only 0.6% of all events.

The conclusionis thatthe differencebetweerenergylossandenergydepositionis negligibly small for
purposes of PID.

f(4)

A(keV)

Fig. 7.8-1. Energy loss spectra for z=1 @y = 5.2.

INuclear Physics Laboratory Annual Report, University of Washington (1993) pp. 56-57.
2H. Bichsel, Radiat. Protection Dosimefr§, 91 (1985).
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7.9 STAR SVT efficiency for D meson detection
S. Bailey, P. Chan, J.G. CramBxJ. Prindleand T.A. Trainor

One very interestingobservablein ultra relativistic heavy ion collisions is D meson production.
Previousattempt$ to demonstrat¢hat STAR is capableof observingD mesonproductionhaveusedthe flight

pathof the D asa signature. The Dt andD- mesonghavect = 320um (in the restframe)while the D and

D? havect = 1259um. An energetid mesonmaytravela few millimetersbeforedecayinganda suitable
vertex detector should be able to distinguish its decay point from the primary vertex.

However, STAR's acceptancds centeredat mid-rapidity and the D mesonsproducedthere are
expectedto be thermaland hencelow velocity. This implies a very short flight path for the D mesons.
Multiple scatteringof the ratherlow energydecayproductsin the beampipe and vertex detectormaterial
significantly modifies the track directions. This has led tectireelusionthatthe currentSTAR vertexdetector
designis not suitablefor detectingD mesonsproducedin central Au-Au collisions via the detectionof a
secondary vertex.

We have therefore examined the possibility of using the spécehaticsof theD™ — 1 D° decay
mode to detedd® mesong Briefly, the branchingratio of D** into 1" D? is 55%. Sincethe massdifference
issosmall(Mp,, — Mpo, — m;;; = 587MeV) the n'is essentiallyemittedwith the D™+ mesonvelocity.
Typically onelooksfor a DY candidatethengiven this candidateonelooks for a matchingmt* to form a D**
candidateandmakesa tight cut on thatmass. In somecaseshis cut candramaticallyreducethe background
under theD? invariant mass spectrufn.

Our findingsarenot highly encouraging.Briefly, we foundthatthe small massdifferenceis still large
enough that for a thermal'® meson the Iaboratof@)0 -1t opening angle spans a large range. Wenake

somekinematiccutsto acceptlessthanonert™ per DY candidatein an averagecentral Au-Au event. This

increaseshe signal-to-backgroundatio, but the netlossof signaldecreasegs overall statisticalsignificance.
It is possiblethat selectingthe high energytail of the D distributionwill make possibleboth the secondary
vertex selectionand the use of special D™ decaykinematics,but this methodis sensitiveto details of the

transverse momentum distribution of the D mesons.

ISTAR Note 127.
2STAR Note 160.
3D. Cinabroet al., CLEO Collaboration, Phys. Rev. LeTR, 1410 (1994).
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7.10 Scale-distorted Gaussians and HBT "Wiggles"
J.G. Cramer

The Hanbury-Brown-Twissinterferometrytechniqueis widely used in ultra-relativistic heavy ion
measurementwith pions and other Bose-Einsteinparticlesto extractinformation on sourcegeometryand
duration. The techniqueis primarily sensitiveto the 2nd moment,i.e., width, of the sourcedistribution.
However,deviationsfrom a Gaussiarsourceshapewill produce"wiggles",i.e., oscillationsof a few percent
arounda valuel, in the momentumspacecorrelationat largerelative momentum. These,in principle, canbe
used to gain more source-shape information.

We have demonstratedhis phenomenonn Monte Carlo simulations using non-Gaussiarsource
distributionsandfind thatthe wiggle amplitudesarestrongerfor the correlationof 3 or moreparticlesthanfor
the more standard2-particle correlations. This work was describedin an Annual Report contribution last
year! Unfortunately, the HBT analyses of experimental tlzdhavebeenperformedup to now arebasedon
at mosta few thousancevents so the statisticsare not sufficientto supportinvestigationof this phenomenon.
However, HBT analysis of CERN data with?1® 106 high-multiplicity eventsshouldsoonprovidethe needed
statistics.

Our Monte Carlo simulationsup to now have usedsimple but unphysicalshapesg.g., sharp-edge
spheresand hemispheres.The next stepin this investigationis to devisemore physically reasonablenon-
Gaussiansource shapeshaving significant 3rd moments (skewness)and 4th moments (kurtosis). One
suggestedechniquefor achievingthis? is to add higher Gaussianderivativesas Laguerrepolynomialsin an
Edgeworthexpansion. This techniqueoffers the advantageshat distributionshaveanalyticintegralsand that
distribution momentsare coefficientsof the expansion. Unfortunately,the resulting distributions are not
positive-definite and are therefore unphysical.

We have devised an alternative prescription for producing a physically reasomadilaussiasource
shape the scale-distorted Gaussian. The procedures to replacethe Gaussiarfunction G(x) with G(f(x)),
where f(x) is a scaledistortion function. To producean unsymmetricdistribution function which has a
significant 3rd momentand skewnesswe have usedan arc-tangentscale-distortionfunction afn(x,as) = 2
arctang/ag)/Tt andfy(x,ds,a3) = X[1-dzafn(x,az)]. The Type-3scale-distortedsaussiarfunctionis therefore

G3(x,0) = Exp[—( f3(x,d3,a3))2 /(20)]/J2rt. Typically, a; is setto 0.1 and d; is varied between0.0 (a
standard Gaussian) and 1.0 (a limiting case in which the right side of the distribution is constant out to infinity).

To producea Gaussian-likdunctionthathasa significant4th momentandkurtosis,i.e., is eithermore
flat-toppedor sharperthat a normal Gaussianwe have useda modified Gaussianscale-distortionfunction

gfin(x,a,) = 2Exp[—x2/(2a4]—1 and f,(x,d,a,) = x1-d,0ofn(x,a,)]. The Type-4 scale-distorted
Gaussiarfunction is thereforeG,(x,0) = Exp[—f,(X, d4,a4))2 /(20)]/ /2. Typically, a, is setto 2.5 and
d, is varied from -0.5 (a "sharp" Gaussian) to 1.0 (a "flat-top" Gaussian).

The disadvantagef usingfunctionslike theseis that their integralscannotbe calculatedanalytically,
andthusdistribution momentsmustbe calculatednumerically. On the other hand,the strongadvantagesre
(1) thefunctionsproducedareguaranteedo be positive-definite (2) theyarefairly simpleto calculateand(3)
they are fairly simple to incorporatein Monte Carlo calculations. We are now modifying our HBT Monte
Carlo programto include thesenew distribution shapeswhich will permitinvestigationof this phenomenon
with more realistic source distributions.

INuclear Physics Laboratory Annual Report, University of Washington (1994) p. 48.
2T. Csorgo, private communication, (1993).
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7.11 "No-Background" maximum likelihood HBT analysis
J.C. Cramer

The probability densityfunction for the "signal"in HBT interferometryi.e., the probability density of
finding a correlatedparticle pair with relative momentumQ from a sourceof geometryR, is SQ.R) =
[1+C(Q,R))]1G(Q,R))B(Q)/N(R), where C(Q,R) is the reducedcorrelation function, G(Q) is the Coulomb
correction,and B(Q) is the uncorrelatedbackgrounddistribution. The backgrounddistribution B(Q) in the
standardapproachtio HBT analysisis constructedby correlatingthe momentaof particlesfrom separateand
therefore uncorrelated collisions.

The probability normalizationfactoris N(R) = Ng + N4 (R), whereNy = [oG(Q)B(Q)dQ, a constant
independentf R, andN;(R) = [C(Q,R)G(Q)B(Q)dQ, a functionof R. HereQ is the completespaceof all

allowed Q values. We define the normalization correction factor M(R) = N;(R)/Ng, so that N(R) =
No(1+M(R)] and note that for expected R-values M(R]..

A Maximum Likelihood fit to datausingthis function can be performedby minimizing the function
L(R) = - ziKzlln SQ;.R), wherei is the index specifying all measured partjgdgrsandK is the total numberof
pairs. This function can be rewritten as:

L®) =~ 3 [WCORIGQ)BQINGLME)

- 3N[1CQR) - TNGQ) - 31n BQ)

i=1

+ _glln Ng + _glln [1+M(R)]. (1)

Of the terms in Equation (1), only first and last depeng.oifhus, minimizing LR) by varyingR is
equivalent to minimizind ;(R), as defined by:

LR =KIN[L+MR) - 3 I [1+C(Q.R)]
i=1

CKM®R) _ 3 In[1+C(Q R)] @)
i=1

where the last line is uses the approximation INM(R)] C M(R).

If we usethe approximationM(R) — O to eliminatethe implicit backgrounddependencef the first
M(R)-dependent term iBquation(2), it will havetwo consequencedFirst, the probability densityfunctionfor
the signal Q) will nolongerbe a true probability. This hasno effecton the fit. Secondthe SQ) function
will tendto be slightly largerfor large R-valuesthanfor small R-values. Therefore approximatingM(R) = 0
will causehe maximumlikelihoodfit to be slightly biasedtowardsmallervaluesof R. For the caseof single-
eventHBT analysiswherethefit to datais only usedasa guidefor selectingan ensembleof eventsthat are
characterizedby unusuallylargeradii, a smallmonotonicbiastowardsmallerradii shouldbe quite acceptable.
Thus, Equation(2) with M(R) = 0 canbe usedwithout calculatinga backgroundo performHBT analysison
single high-multiplicity events in ultra-relativistic heavy ion collisions.
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7.12 Scaled topological measures
J.G. Reidand T.A. Trainor

For this projectve usethe scalingbehaviorof topologicalpropertiesof point setsto infer the natureof
the parentor generatingprocess. To carry out suchan analysison a datasetit mustfirst be binnedover a
rangeof scale. To do this we simply take the embeddingspaceof the datasetanddivide it into (rectangular)
bins of characteristicsize e. We then increasethe size of the bins, and repeatthe processuntil we have
analyzedthe entire scalerangeof interest. However,the analysisis not quite so simple dueto aliasingthat
resultsfrom the density variationsbetweenthe binnings. Our solutionto this is to 'dither’' (phaseshift) the
binningsof the spaceat eachscalevalue and form an ensembleaverageof the relevantquantitiesover the
dithered binnings to reduce the aliasing effects.

With the binning problemundercontrol we examinedthe scalebehaviorof the entropy,information
anddimensionof variouspoint sets. Thereis a continuumof definedentropiegeachwith its own information
anddimension) of which the standardhermodynami¢Gibbs)entropyis one,andwe mustin generalconsider
this continuumas a function of scale. To keepthingsas simple as possiblewe usually consideronly the Oth
(Kolmogorov)and1st (Gibbs)orderentropiesput it is importantto notethat this analysiscanbe extendedo
include whatever entropy measures are of interest. By examining a Poisson-filled embeddivwg pddhat
the analysishehavegust aswe expectfor the Kolmogorovquantitieshoweverwe arestill investigatingdetails
of the Gibbs quantities.

Sincethe main purposeof this analysisis to identify densityvariationsin scalewhich would be missed
by classicalpoint setcorrelationanalysiswe havealso investigatedthe analysisof simple hierarchicalpoint
distributions. Thesearepoint setswhoseonly significantfeaturesarescaleddensityvariations. We havebeen
very pleasedwith theseresults. For thesesimple hierarchiesthe scaleddimensionbehavesexactly as we
expect: the dimensionreachegpeaksat eachscalelevel of the hierarchyandfalls off in between. The scaled
dimension is very nearly the simple sum of the dimension fields of each hierarchy level.

Anotherimportantcharacteristiof the datathat can be determinedby this analysisis the scaledset
volume. We have only recently begtinis partof our analysisbutit is alreadyvery promising. At largescale
the analysisseesthe perimeterof the dataset,sinceat this level the analysiscanonly seeprominentfeatures.
As the scale decreasesand approacheghe point at which classicalvolume determinationsare made the
calculatedvolume approacheshe classicalvalue. Finally, our analysiscontinuesbeyondthis point into the
small-scalaegion. The 'volume'eventuallycorrespondso the lengthof a space-fillingcurvethroughthe data.
Below this scale level the volume approaches asymptotically the total number of points in the set.

We arepleasedwith the progressof this scaledtopologicalanalysis,andwe expectto concentrateon
applications in the near future, particularly for STAR triggering.

50



7.13 Entropy analysis of STAR EM calorimeter energy distributions
J.G. Reidand T.A. Trainor

The STAR electromagneticalorimetercan provide importantinformation regardingboth the early
stages of &igh-energynucleus-nucleusollision andthe subsequergvolutionthroughhadronization.Because
of its fastresponsdo energydepositionthe EM calorimetermay be an especiallyvaluablepart of the STAR
trigger system. We have developedan algorithmic approachto triggering basedon information entropy
analysiswhich may quickly be able to determinethe degreeof correlationin a particular event energy
distribution, and therefore serve as a model-independent trigger criterion.

Informationentropyanalysisis sensitiveboth to isolatedfeaturesandto slowervariationsin density.
To test the analysiswe obtainedtwenty simulated proton-protonevents producedby the standardevent
generator HIJING and used a simpler event simulator to generate data for A-A events.

For the Kolmogorov (capacity)entropy,asthe scaleof the binning systemapproacheshe basewidth
of an isolatedjet this entropy is reducedwith respectto that of a uniform (Poisson-distributedenergy
distribution. Oncethe scaleis comparableo the jet sizetherewill be no further suchreductionbecausehere
areno moreemptybinsto reject. Thusby identifying the minimum with scaleof the correspondingapacity
dimension-chang@Ad,,) we candeterminethe size andspacingof the prominentjets for p-p collisions. One

sucheventanalysisis shownin the top panelsof Fig. 7.13-1. By examiningensemble®f suchp-p jet events
we can formulate trigger conditionsbasedon information-relatedquantitiessuch as dimensionwhich will
permit fast selection of special event classes. The bottom panels BflBigl.showan ensemblef p-p events
which exhibit the degree of variation of the dimension-change distribution for a given event generator.

The Gibbs (information) entropy may seesdundantor analyzingthe prominentjets of a p-p system,
butit is essentialn analyzingheavierA-A collision systems.With any A-A eventtherewill befew or no void
areasin the databecauseve expectto seea backgroundof so-calledminijets. This backgroundmakesthe
Kolmogorov entropy much less useful since it depends on identifgjagtedbinsto 'find' distributionfeatures.

The Gibbs entropyon the other handdependsonly on densityvariations. Thus, the minimum in the Gibbs
dimension-chang@\d, ) will beanindicatorof the pointin scaleat which all of the significantdensityfeatures
have beenidentified. This tells us at which scaleour smallestfeaturesoccurfor A-A events. The minijet
background problem is especially serious for standard jet-finding algorithms, and is an important médivation
this new approach.

Sincethereis a continuumof entropieswhich correspondo information containedin higher-order
correlations we can extend our analysis to includechityesewhich may be founduseful. At presentve have
concentratedur efforts on developingthe analysissystemitself with jet distributionsandtriggeringin mind.
In future workwe hopeto understandn moredetail the relationshipof the jet-minijet distributionto changesn
the scaled dimension for both the Gibbs and Kolmogorov entropies.
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Fig. 7.13-1. Dimensions lowering analysissingleeventcalorimetetjet distribution(top) andsimilar analysis
of an ensemble of events (bottom).
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EXTERNAL USERS

8.1 Ball Aerospace
E.W. Smith* and G.A Geissinger”

This was the fourth in a series of experiments performed on a variety of opto-electronic circuit
elements using the University of Washington Van de Graaff accelerator. This experimental program is
intended to permit simulations of the performance of different optical circuit designs in radiation environments
such as those encountered in spacecraft applications and in nuclear reactors. The irradiated components can be
assembled in our lab at Ball Aerospace to simulate a variety of different circuit designs and the effect of
different dose levels on the individual components can be analyzed.

*Ball Aerospace Systems, Group, Electro-Optics and Cryogenics Division, Boulder, CO 80306.
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9.0 ELECTRONICS, COMPUTING AND DETECTOR INFRASTRUCTURE

9.1. Electronic equipment
G.C. Harper, A.\W. Myers anl.D Van Wechel
Projects undertaken by the electronics shop this year included the following:

a. Vertical and horizontal steeringpower supplies,with a -600 volts to +600 volts range, were
designed and constructed for the terminal ion source (see Section 10.3).

b. A circuit was designedand constructedfor the cluster experimentto drive the voltage on the
inflector plates with a calibrated ramp voltage generated by the multi-channel analyzer.

c. A voltageto frequencyconvertercircuit was constructedor the clusterexperimentto provide an
output frequency proportional to the current measured by a Keithley picoammeter.

d. A portable data acquisition rack, including three NIM lainda CAMAC crate , wasassembledor
weak interaction studies.

e. Preliminarydesignof the clock generatorcircuit for the 13/12 high energybuncher(seeSection
10.7) and designof modificationsto be madeto the low energybunchercontroller for phaselocking to the
13/12 high energy buncher were started.

f. Thecurrentpreampfor the SNO neutralcurrentdetector(seeSection2.3) hasbeenproto-typed
andtested. Ten preampsassembledrom discretecomponentare presentlybeing constructecandwill be
sent to Los Alamos. The major part of the circuitry of the 112 preamps for the ceautealtdetectomwill
be fabricated on hybrid circuits.

g. A prototype30 nsecdelayline for the SNO neutral currentdetectorhas beenconstructed.
Some developmentwork is still required as there are some wave form aberrationson the present
prototype.

h. An AnalogDevicesAD606 log ampevaluationboardhasbeentestedfor usewith the SNO neutral
currentdetector. Originally, therise time of the log ampwas approximately400 nsecwhich is unsatisfactory
for this application. We were able to maodify the circuit to improve the rise time to approximately 25 nsec.

i. Two Ortec113 preampsweremodified. Ten 270 nSecdelay cablesand severalsignal and power
cables were constructed for the new electron detector for the "Mass-8" experiment.

j- A Sunmicrocomputemorkstationand CADENCE electronicdesignsystemsoftwarewereacquired
to facilitate board layout and circuit analysis for the SNO and EMIT projects.
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9.2 VAX-based acquisition systems
M.A. Howe,R.J. Seymouand D.W. Storm

Our three dataacquisitionsystemsconsistof Digital Qbus-based/AXStation 3200srunning VMS
v4.7a. We use VWS/UIS as the "windowing" software. Each VAXstation supportsa BiRa MBD-11
controlledCAMAC crate. Our principal VAXStation BA-23's cabinetis cabledinto a BA-23 CC expansion
cabinet. It hasanMDB-11 DWQ11 Qbusto Unibusconverterdriving our old PDP 11/60'sUnibusexpansion
bay. That system'speripheralsinclude a CMD CQD-220/TM SCSI adapter,a SeagateST416501.38
gigabyte disk, a TTI CTS-8210 8mm tape, a DEC IEQ11 IEEE-488 bus controller, and a DEC DRV11-J. The
Unibus bay contains a DR11-C, our Printronix lineprinter controller and a Unibus cable to the MBD-11.

Our main CAMAC system contaimsterfacemodulesfor our dozenTracorNorthernTN-1213ADCs.
Those ADCs and other CAMAC modulesare gatedby an in-housebuilt synchronizationinterface, which
includes routing-Or capabilities, and 32 10-digit 75 MHz scalers.

Additional CAMAC spaces availablefor our LeCroy 2249s,2228sand2551s. We havetwo FERA
4300B ADCs, and two Phillips 7186 TDCs.

The other two acquisition systems consist solely of the VAXsta8'83 usingan Able Qniverterto
cabledirectly to a stand-aloneMiIBD-11. Unlike the "principal" system,thesedo not control non-CAMAC-
based equipment.

All threesystemsrun acquisitionsoftwarebasedupon TUNL's XSYS, with major modificationsto
their DISPLAY program.

TUNL's XSYS software includes an EVAL language compiler which generates VAX-native Caule.
"version" of thatcompileris limited to 1024longwordsof VAX sortingcodeper MBD channel. OneMass-8
experimentrequiredfar more space,so we completelyreplacedthe EVL-generatedcode sectionby a pre-
compiled Fortran subroutineset. Interface subroutineswere createdto provide easieraccessto the raw
incoming event buffers. We still require an EVL routine to be used, but only for histogram storage
coordination.
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9.3 Data analysis and support system developments
J.G. Cramer, M.A. HoweR.J. SeymoyrD.W. Storm and T.A. Trainor

All of our offline analysisVAXes are running VMS v5.5-2. We have acquiredseveraladditional
VAXstation 3200swhich have beensurplussedrom the PhysicsDepartment. Theseare becomingdeskside
systemsQbusboard-testingsystemsand an additionaldataacquisitionsystem. Our clusternow consistsof
five VAXstation 3100s,two VAXstation 3200s,a VAXstation 2000 and an AXP 3000/400. Three more
3200s are about to be added to the cluster itself.

The AXP 3000/400(Alpha) has96 megabytef memory,1- and 4-gigabytedisks,a CDrom, a 19
inch color display,andoccasionaBmm Exabytetapedrivesattachedo its externalSCSlport. It is currently
running OpenVMSv1.5. As membersof the Digital's CampusSoftware License Grant program,we have
implemented Digital's Fortran, C and C++ as its principal languages.

We use TGV's Multinet to provide our cluster with TCP/IP accessto the Internet. Our primary
Internetaddresss npl.washington.ed§128.95.100.10). The UW Campusdroppedall BitNet supportlast
summer, so our only access to BitNet systems is via off-campus gateways.

Our 8 megabyteVAX 11/780finally diedlastMarch. It hasbeenreplacedby oneof the VAXstation
3200s, with DHv11s now driving our connectigngwenty-oddlocal rs232terminals. Sincethe 11/780'sbhoot
disk wasalreadyon a Qbusextensiorto its Unibus, migrationof the disk driveswastrivial. The only major
peripheralwhich did not makethe transitionto the Qbuswasour 9-tracktapedrive, but it canbe drivenby a
controllerattachedo anotherof our 3200s. Therehasbeenlittle demandfor its servicessincethe adventof
8mm systems.

Another VAXstation 3200 serves as the Linac's control and display system.

Our NA35, NA49 andSTAR work dependsiponour two HP 9000/710swhich havebeenupdatedo
HP-UX v9.03 andv9.05. One (Mist) hasbeenmovedto Germanyduring John Cramer'ssabbatical. The
splitting of the two cross-referencingystemsawvasaccomplishegrimarily by addingdisksto the to-beremote
system,and putting Mist's disks on the remainingsystem. This allowed links and pointersto gradually be
migratedto betterlocationswhile still maintainingthe desiredlevel of serviceto each. Cramer'ssystemthen
movedto CERN for the NA49 run in Novemberthenbackto Munich in December.Our remaining9000/710
(Sand)is providing world-visible World Wide Web (WWW) serviceof programsand datarelatedto those
projects, as well as a growing library of other NPL documents,including our annual reports (try
http://sand.npl.washington.edu/home.html). We tedaediwo HP 712/60workstationsalsorunningHP-UX
v9.05.

The NovemberNA49 run at CERN also marshaledall of our Tektronix xp338 X-terminals. They
werepreconfigurechereto easetheir arrival in Geneva. At CERN theywerehostedby "Mist", which we had
configured remotely.

The SNO group'sarrival addeda fleet of networkedMacintoshedo this otherwiseall-VMS (with a
few PCs)laboratory. Theirimpacton the clusterhasbeenlittle morethantraffic on the commonethernetand
usageof the Alpha. As a part of the SNO group support,we haveinstalleda Sun SparcStatior20, running
SunOSv4.1.4,to provide CADENCE circuit layoutfacilities to our electronicsshop. We arestill early onthe
learning curve in providing seamless support to that system.

Our in-housePCs now include a PentiumP90 systemfor generallab AutoCAD duties. We are
gradually providing TCP/IP software to the PCs.

We still provide some system management services for the Institute for Nuclear dingttry Physics
Nuclear Theory group. Their three remote-siteDECstation5000/200shave beenreplacedwith four AXP
3000/600stwo running OSF/1,andtwo running OpenVMS. Principal systemsupportfor thosemachiness
now handledoy Physicswith our site providing fall-back assistancandadditionalexpertise. The two groups
are still using three VAXstation 3200s which are located in our building.
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94 SControl, an object oriented program for the control of large physics experiments
J.G. Cramer, P.B. CramieandM.A. Howe

SControlis an object-orientectontrol systemconstructiorsetwritten to developthe slow control main
consolefor CERN experimentNA49. It waswritten in C++ over a period of sevenmonthsand containsmore
than250 classes.Developedon an HP 9000series’00 system SControlhasan X11 baseduserinterfacethat
is graphic,mouse-drivenand "friendly". Although developedor a particularexperimentSControlis a run-
time configured program that could find general use.

SControlusesa book metaphortto presenfparametedataon an hierarchyof display pageswith each
pageshowingthe systemor sub-systenihatis to be controlledor monitored. Connectionsare madebetween
the pageswith hyper-linksso the pagehierarchycan be structuredin as muchdetail asrequired. Eachpage
canrepresenthe overall systema sub-systema sub-sub-systermgr canbe a compositeof informationdrawn
from a number of systems. The hyper-links can be made to cotdamyirregularshapeandcanbe attached
to custom bit-mapped images, buttons, or text.

Each page consists a devicelayeranda logic layer. The devicelayer containsobjectswhich convey
informationto the operator. A large numberof devicesare availableand include digital and analogmeters,
switches sliders,charts,and graphs. The underlying logic layer consistsof objectswhich are usedfor data
processingand include a wide selectionfor receiving, processingaltering, transmitting,and archiving slow
control parametedata. Datadisplayor processingobjectsare selectedrom pull down menus placedon the
screen, and connected into the desired configuration using the mouse. Buwititdrhl bit mapimagescanbe
addedto the systemby placingthe imagefile into a file folder. Imagescanbe usedas background®n either
the device layer or the logic layer.

Parameterdata comesfrom network connectedsatellite processorssia TCP/IP and is placedin a
sharednemorydatabasein the SControlhostcomputer. SControlextractsparametedatafrom the database
as objects which are then procesbggassinghroughthe connectedogic layerobjects. A dataflow modelis
usedby the processingbjects. Eachobjectprocessegts dataonly if valid datais presenon all of its inputs.
Because the data resides in shared memory, more than one SControl program can be running at any given time.

SControlprovidesan integratedalarm systempagewhich displaysup to five levels of alarmsfrom
NOTICE to EMERGENCY. Alarms aretriggeredas neededby connectionanadein the dataprocessing
networks on the logic layers. All alarrdsplaythe parametename value,andtime triggered. Alarms canbe
acknowledged. A log is kept of alarm acknowledgmenéctivity. Clearinga seriousalarm requiresthat the
operator's nambe enterednto thelog also. Alarmscandisplayadditionalhelpinformationthatcomesfrom a
custom file that operators can edit.

During the November1994 NA49 test run SControl receiveddata from IBM PC and Macintosh
computergunningLabView andcustomsoftware. The programsuccessfullypreparediata-bankstructuresof
slow control parameteinformationfor the dataacquisitionsystem,and maintaineda separatdime-structured
archive of operational system data parameters (see Section 7.4).

*Max -Planck-Institut fiir Physik, Fohringer Ring 6, D-80805 Miinchen, Germany.
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10. VAN DE GRAAFF, SUPERCONDUCTING BOOSTER AND ION SOURCES

10.1 Van de Graaff accelerator operationsand development

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

In Junel994we finishedthe last stepsin the major upgradeof thetandemt We now havea pelletron
chargingsystem newresistorsa terminal control computersystemand spiral inclined field beamtubesin the
tandem.

Delivery of our titanium spiral inclined field beamtubeg was originally scheduledor January1994,
but was delayedbecauseof problemswith high voltage tests of the first tube section. The tube was
disassemble@nd micro impurities were found in the titanium electrodes. The tubeswere rebuilt with new
electrodes and successfully tested individually to voltages of dviéf.5Thetubesweredeliveredin April and
the installation was complete by June. The installation was normal; the tubes fit properly.

The stability of the beamacceleratedy this completedsystemis truly impressive. Formerly the
vertical jitter of the beam leaving the tandem w&smm; nowit is unobservable Terminalvoltagestability is
illustratedby the fact thatthe coronacurrentmeterformerly fluctuatedabout+ 10 pA ; now the fluctuationis
typically + 1 pA. Recently,a protonbeamwasacceleratedo 0.3 MeV, with a tandemtransmissiorof 19%.
Sincepart of the beamenergywas providedby the ion source the tandemterminalvoltagewas actually only
0.07 MV. Prior to the upgradeit would havebeenimpossibleto acceleratahis low an energybeam. The
improved stability has also been important in tuning the beam through the booster, which has tight
specifications for beam stability in position, pulse timing and energy.

The transmissiorof the acceleratofor heavyions hasalsoimproved. Prior to the upgradewe found
thatwe could getat mosta factor of 4 more currenton the high energycup thanon the low energycup when

accelerating40Ca at a terminal voltage of 8.5 MV. (This corresponds t@asmissiorof 50%.) Recentlywe
observed a factor of 7 under similar conditions (88% transmission).

The rate at which we cantake the tandemto high voltagehasnot improvedas muchas we expected.
For one thing, we expected the tandem to dry out paickly after a tank openingwith a pelletronthanwith a
belt becausehe pelletchainshouldabsorblessmoisture;this hasn'tbeenthe case. For anotherthing, we find
the tubesconditionquite slowly. We havehad episode®f x-ray productionin the low energytube. Thesex
rayswill eventuallyconditionaway. Fortunatelywith sufficiently patientconditioning,the machineeventually
functionsadequatelyat high voltage. We haverun the terminal voltage briefly at 9.7 MV but have not yet
attempted a data run above 9 MV.

A problem with the pelletron ikeepingthe chargingpowersuppliesalive andthe seriesresistorantact
whenthe tank sparks. The wire wound resistorsinside the tank providedas part of the installationproved
unreliable. We presentlyhavea string of carbonresistorsin place but theseare still not able to withstand
repeated sparking. Adjusting the spark bars on the pelletron pulleys helped but did not cure the problem.

The new columnresistorswere describedast year3 In conjunctionwith the testinstallationof the
terminalion source(seeSection10.3) we recentlyremovedand measured 2 resistorswhich havebeenin the
columnfor about12 months. By usinga 9 V batteryanda nanoammeteandby comparingthe resistorsto a
standardresistor,we can measureo a precisionof about0.5%. We found that the averageresistancenad
decrease®.5% but the rms spreadin valueshadnot changed. This rate of changeis an orderof magnitude
smaller than that of our previous resistors.

INuclear Physics Laboratory Report, University of Washington (1993) p. 8iiand 994) p. 66.
2Manurfactured by Dowlish Developments - High Voltage Engineering Europa.
SNuclear Physics Laboratory Report, University of Washington (1994) p. 68.
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During the yearfrom March 1, 1994 to February28, 1995 the tandempellet chainsoperated3775
hours. Additional statistics of accelerator operations are given in Table 10.1-1.

Table 10.1-1. Tandem Accelerator Operations
March 1, 1994 to February 28, 1995

Activity Days Scheduled Percent
A. Nuclear Physics Research, lon Sources Alone 23 6
B. Nuclear Physics Research, Tandem Alone
Light lons 16 5
Heavy lons _3 1
Subtotal 19 6
C. Nuclear Physics Research, Booster and Tandem Coupled
Light lons 11 3
Heavy lons 114 31
Subtotal 125 34

D. Outside Users
Ball Aerospace Systems Group 3 1

E. Other Operations

Tandem Development 62 17
Tandem Maintenance 85 23
Unscheduled Time 49 13
Subtotal 195 53
Total 365 100
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10.2  Alphasource and ion sour ce deck improvements
D.l. Will and J.A. Wootress

A simplified vacuumsystemandthe additionof sparksurge-suppressiomaveimprovedthe reliability
of our dualcharge-exchangalphasource! This sourcehadbeenassembledrom partsof our old Lamb-shift
polarizedsource? About tenyearsagothesewereaddedto a small elevatedplatforn® sharedwith the UNIS#
(Universal Negative lon Source,an old sputter sourceusedfor AcceleratorMass Spectrometry, (AMS).
Becauseof time constraintsandregularuse of the UNIS, the isolation of elevatedparts,the suppressiorof
spark transients, the filtering of input gas and the vacuum system were not redesigned then.

Recently,dripping condensatiorboth from a liquid nitrogen solenoidvalve for the diffusion pump
baffle and from a liquid nitrogen gas purifying trap caused increapiadingwith subsequeniamageo flow
switchesandtripping of breakers. The UNIS whenusedfor AMS requiredsucha liquid nitrogencold baffle
for rapid cycling of the vacuumsystemeachtime the twenty samplesn the changemwheelwerereplaced. The
cold baffle actually decreasegumpingspeedfor noncondensablgasessuchas the helium usedin the alpha
source. Since little AMS is now performed on site atlaboratory this baffle wasremovedwhile retaininga
-20 degree<C refrigeratedbaffle to impedebackstreaming). The foreline was simplified with standardKF
flanges(betterknownin the U.S. as QF or Quick Flanges)at the sametime. Ultimate vacuumbeforethese
stepswas 1 microTorr without liquid nitrogenand 0.2 microTorr with. Now the ultimateis 0.3 microTorr.
Furthermorethe typical operatingvacuumwith alphasourcegasload, which was 3 to 6 microTorr before
removal, now is 1 to 2 microTorr confirming that pumping speed for noncondensables has been tripled.

To completelyeliminatethe needfor liquid nitrogen,the gas purifying cold trap was replacedby a
dessicant/molecular sieve trap followed byoaggengettertrap. In addition,sparktransientsare now blocked
by ferrite coresandshuntedo groundby transorbgo protectthe flow switchesandsensitivecircuit breakers.
Finally, proper high voltage shielding has beenaddedaroundthe doubly elevatedpower suppliesfor the
duoplasmatrorfilament, bottle magnet,and arc. The sourcehasrecently run for one week without active
tending or maintenance.

Onour mainion sourcedeck all threeforelineswererebuilt to allow easyattachment/detachmeot a
Varian Portatest 93Beliumleak detectorto the outputof eachturbomoleculapumpeffectivelyin placeof the
mechanicaforepump. This permitsdetectionof substantiallysmallerleaksthan either parallel forepumping
with Portatest and mechanical pump together, or direct pumping on the vacuum chamber with the Portatest.

INuclear Physics Laboratory Annual Report, University of Washington (1986) p. 54.

2Nuclear Physics Laboratory Annual Report, University of Washington (1973) p. 11; (1974) p. 13; (1975) p. 18; (1976)
p. 22; (1977) p. 157.

SNuclear Physics Laboratory Annual Report, University of Washington (1983) p. 72; (1984) p. 76.

4Nuclear Physics Laboratory Annual Report, University of Washington (1975) p. 22; (1976) p. 26; (1980) p. 167,
(1986) p. 53.

SNuclear Physics Laboratory Annual Report, University of Washington (1994) pp. 30-31.

SNuclear Physics Laboratory Annual Report, University of Washington (1992) p. 78.

’Nuclear Physics Laboratory Annual Report, University of Washington (1985) p. 87; (1986) p. 71; (1987) p. 63.
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10.3 Tandem terminal ion source

J.F. AmsbaughG.C. HarperM.A. Howe, C.E. Linder, AW. Myers, D.W. Storm, T.D. Van Wechel
and W.G. Weitkamp

This year testsof the RF dischargesourcepurchasedrom NEC were performed. The sourcewas
specifiedto deliver 400 pamps of H* and200 pamps “He* usinga standard2 mm diameteraluminum
canal. The gasload was specifiedto be of the orderof 1 to 2 mTorr-l/sec. The emittanceof the sourcewas
specifiedto be about3T mm mrad/MeV . We havepurchaseca 1 mm diametercanalin additionto the
standard canal. We expectedaarcewith a 1 mm canalto deliverabout60 pampsof 3He™ with agasload
of about 0.2 mTorr-I/sec and an emittance of aboutr0.mf mrad+/MeV .

Benchtestswith a 2 mm diametercanalhaveshownthatthe sourcewith the extractor/einzehssembly
that was built in house produces a maximum of g@@psof unanalyzed beam usiﬁg-l gas with aneasured

gasload of 4.7 mTorr-l/sec. An unanalyzedbeamof about110 pamps using “He asthe gas hasheen

measured. This 4He+ beam had a focused FWHM of 1.5 mm and estimated emittance of
3.5mmmmrad«/MeV . Bench tests with a 1 mm diameter canal have producg@dBsof unanalyzedeam

using4Hewith a measured gas load of 2.0 mTorr-l/sec and a focused FWHM of 1.3 mm. The emittance of the

“He* beamfrom the 1 mm canalis estimatedto be aboutTt mm mrad</MeV . The benchtestswere done
usinga variablefrequencyRF sourceanda broadbandamp capableof producing200 W of forward power.
The beam intensity was found to level off at about 50 W and seemed to be independent of frequency.

The source with the 1 mm canal,wastheninstalledin the terminal of the Van de Graaff. The foil
changemwasremovedrom its port, whichis 60° off of the beamaxis,andin its placethe RF dischargesource
andextractor/einzedssemblywvereinstalled. A doublefocusingdipole magnetwith bendingradius14 cm and
bendingangle 60° was installedin the foil box. The poles of the magnetwere made of 8C ferrite and
permanentlymagnetizedto 2500 Gauss. The column gradientof the high energy end was changedto
accommodatehe low energy (20 keV) beam. The power suppliesand the gasleak valve were controlled
remotelyusingtheterminalcomputer. The RF oscillatorusedduring thesetestswasonepurchasedrom NEC
and designed to be used with the source.

An unanalyzedoeamof 22 pamps using 3He gaswas measureddefore the magnet.An analyzed
beamof 3 pamps of 3He* wasmeasuredn a flap just after the magnet. Analyzedcurrentsof order0.1

pamps were measuredor what appeargo be YN* and®0". with the terminalat 3 MV, the current
measured at the high energy cup wasf@@ps The gas consumption measured was 1.3 mTorr-l/sec.

Disassemblof the sourceshowedthatthe beamspotsizeon theflap in front of the magnetwas6 mm
in diameteras predictedoy the opticsprogramthatwasusedto modelthe beamtransport. The magnetframe
exhibitedsomediscolorationfrom beamimpingementand cusp shapeddiscolorationwas also presenton the
postmagneflap andsteeringplates. The 93% transmissiormeasuredrom the magnetto the high energycup
was encouraging. The reasonfor the poor transmissiorthroughthe magnetis unknownandwill be studied
furtheroutsideof the Van de Graaff. Thereis a possibility that cylindrical electrostatianflection plateswill be
tested in place of the magnet.
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10.4 Terminal computer
G.C. Harper, M.A. HoweA.W. Myersand T.D. Van Wechel

The computewhich controlsthe terminalvertical and horizontalsteerersthe stripperfoil mechanism,
the gasstrippercanalposition, and the strippercanalgasdelivery systemwas operatedapproximately3775
hourswith about3000 sparks. During the pastyear we upgradedour systemto include an 8 channelDAC
board which required us to add a second Group 3 device interface module.

This 8 channel DAC board was added to support the terminal ion sourGe(iea10.3). The Gordo
computersoftware,which is externalto the tank and controlsthe microprocessobasedcontroller via fiber
optics,hadto be upgradedo supportthe Terminallon Source. A softwaremodulewaswritten for the DAC
channelsandminor modificationswere madeto the communicatiormodulesso thatthe DAC objectsin Gordo
could receive commands from the linac control system (CSX). A correspandergionvasmadeto CSX to
hold the DAC values in its data base and display those values on the touch screens in the control room.

In the annualreport last year, we reportedas a probleman occasionalunrequestedoil increment
during the powerup or power down sequencef the terminal computer. We determinedhat this was being
caused by 28 VDC being available at the foil changer mechanism when the computer digitataotpupsin
a defaulthigh statewhich allowedthe foil changerto incrementonefoil. This wasalsofoundto be the case
upon power down, the computerwould go to default high and 28 VDC would be presentallowing the foil
changerto increment. To solvethis problemwe did two things. First we changedhe defaultsettingsof all of
the digital channeldo a low state. Secondwe addeda 5 secondime delaycardbetweer28 VDC andthe 28
VDC input on the digital interface feed-through board on the inside of the inside enclosure.

Prior to tank closeout, we alwaysconducttank close-outchecks.During one of thesechecks afterwe
had beenconductingsignal checksand voltagetestson our computer,we found that we did not have motor
outputson two channels. We determinedhat during our testingwe must have groundedthesetwo outputs.
This causedhe motordriver|.C.'sto fail. We replacedhesel.C.'sandthe computertestedsatisfactorily. To
help keepthis problemfrom happeningagain, we redesignedhe motor output interfaceboard which is the
insideinterfaceboardfor the outsideenclosure. On this redesignednterfaceboardwe addedfusesto all eight
motor lines (4 motor forward and 4 motor reverse lines).
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10.5 Booster operations

J. F. Amsbaugh, D. T. Corcoran, G. C. Harper, M. A. Hdway. Storm D. I. Will and
J. A. Wootress

During the period March 1, 1994 to Feb. 28, 1995, the boosterwas operatedfor 124 days, as
compared to 81 days in the same period a year earlier and to 48 days in tperiaaiwo yearsearlier. This
increase is in spite of the shutdown of the tandem for installation of the new beam tubes.

16,180,

Beams ranged in mass frotie to ®°Ni, and included?c, and*°ca. This yeartherewere
more runs and more days withca than any other beam, as was the case last year.

In May we openedcryostats #2 and#5 to replacea total of threecouplers. During the latter part of
the yearwe havebeenunableto operatethreeresonatorsgue eitherto a stuckcoupler,a coupleror rf power
cablewnhich is intermittentlyopencircuit, andwhat appeardo be a badrf monitor cable(insidethe cryostat).
These will be repaired when there is an opportunity to do so.

We continue to operate tf@v betaresonatorst anaveragdield of 3.0 MV/m andthe high betaones
ataverageof 2.4 MV/m. Most of theseresonatorsvere platedwhenthe linac wasbeingassembleaver eight
years ago. Approximately four of them were replaced with replated ones three or four years ago.

All the Leybold-Hereausurbomoleculapumpswith greasedsteelbearingshave beenreplacedwith
unitswith greasecteramicbearings. Thesecontinueto give goodservice,in general. One pumpfailed at 14k
hours, which is disappointing, but several others have much longer running times.

We hadno compressofailuresthis year. Our oldestcompressonow has runfor 71k hours,andthe
other two have run for 41k hours in one case and 12k hours in the other case.
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10.6  Cryogenic operations
M.A. Howe,D.I. Will and J.A. Wootress

Theboosterinac is cooledby liquid heliumwhich is thermally shieldedby liquid nitrogen. The liquid
nitrogenis deliveredin lots of ~6000gallonsby semitrailertanker. In 1994 liquid nitrogenconsumptionof
198,900 gallons was 12% less than that in previous years since a precool heat-exchamgemledibitsthe
use of the liquid nitrogenassistin our Koch ProcessSystems2830 Helium Refrigerato  The helium is
purchased as high purity bulk gas and liquified by our helium refrigerator. 0O64@6,800SCFin 1994was
down 23%from thatin 1993. Indeed,usagefor April throughDecemberl 994 (after the leaky heat-exchanger
wasisolated)projectsto an annualrate of 109,300SCF,down 51% from thatin 1993 andslightly lessthan
typical for years before 1992.

The following table summarizes our maintenance for 1994 January 1 to 1994 December 31:

Item In Use Major Services Times Performed
Refrigerator
Cold Box 99% warm/pump/purge 1
Main Dewar 100% warm/pump/purge 0
Top Expander ~4451 Hrs warm/pump/purge 21
~100 RPM  main, valve rod and valve seals 1
wristpin, crank, and cam follower brngs 1
flywheel bearings and belts 1
Middle Expander ~8084 Hrs warm/pump/purge 17
~120 RPM  main, valve rod and valve seals 1
wristpin, crank, and cam follower brngs 1
flywheel bearings and belts 1
replaced alternator 1
Wet Expander ~4631 Hrs warm/pump/purge 6
~40 RPM main, valve rod and valve seals 1
wristpin, crank, and cam follower brngs 1
flywheel bearings and belt 1
trimmed both piston lengths 1
replaced DC drive motor/generator 1
Distribution System  99% warm, pump, purge lines 8

This final table shows screw compressor history here as of 1995 March 13:

Item Total 1994 Status Maintenance

RS-1 71,424 hours 8359 hours  running none

RS-2 55,958 hours 0 hours phases shorted core removed 1993
RS-2a 12,191 hours 8030 hours  running since 1993  none

RS-3 22,752 hours 0 hours shorted to ground core removed 1990
RS-3a 40,549 hours 8562 hours  running since 1990 none

INuclear Physics Laboratory Annual Report, University of Washington (1994) p. 75.
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10.7  Development of a high energy buncher operating at 13/12 the linac frequency
D. CorcoranD.W. Stormand K. Swartz

Thelinac operatesat a frequencyof 148.8MHz, but the low energybuncheris operatedat 1/12 this

frequencyin orderto provide usefultime separatiorbetweenbunches. It is ableto put about70% of the dc

beam from the ion source intdanchwhich is bunchedurther beforethe linac andthenaccelerated.The low
energy buncher spreattse remaining30% of the dc beamout betweerthe bunches.The high energybuncher,
which is asinglesuperconductingresonatordenticalto thosein thefirst partof thelinac, alsobunchegart of

this remainingbeamon eachof the 11 linac rf cycle not synchronizedvith thelow energybuncher. This beam

is accelerateéind makessmall but significantbeamburstsin betweernthe main bunchegroducedby the low
energybuncher. Ideally the high energybuncherwould be operatedat the samefrequencyasthe low energy

one, but to make a high voltage accelerating (or bunching) device operating at such low frequency is difficult.

K. Swartzrealizedthatif the high energybuncherwere operatedat a frequencychosenso that the
differencebetweenits frequencyandthe linac frequencywas equalto the low energybuncherfrequency then
the beamwhich was outsidethe main bunchwould not be bunchedinto the acceleratingophasebucketof the
linac, but the low energybuncher high energybuncher,andlinac could all be phasedso that the main bunch
would be properly bunched again by the high energy buncher and then accelerated.

We briefly consideredhe possibility of lowering the frequencyof oneof our low betasuperconducting
resonatordy capacitivelyloadingthe drift tube. This would require,however,a ratherlarge capacitancevith
a corresponding very smaghp. Shorteninghe quarterwaveresonatorpn the otherhand,is a straightforward
way to raisethe frequency. Using the samemodelcalculationthat we usedto designthe high betaresonators,
we determinedthat shorteningthe resonatorby 1.77 inches,in the region wherethe inner conductorhasits
minimum radius,would increasethe frequencyby a factor of 13/12. The shorteningwas accomplishedy
parting the outer conductandinner conductoryemovinga total of 1.77inches,andvacuumbrazingthe parts
backtogether. This processvasdonein stagesfirst testingthe calculationusinga defectiveresonatotbody,
andthenremovingslightly lessthanthe full lengthfrom the final resonatorin orderto verify the frequency.
The calculationgavethe right spacewithin 0.01 inch, and the frequencyerror after the final machiningwas
well within the 10 kHz tolerance for final tuning.

The resonatothasbeenbrazedand the brazejoint groundbackto producea smoothgroovewithout
any gap. We expetd plateandtesttheresonatoin late Marchandearly April. Sincetheresonatois shorter
thanthe presenthigh energybunchermresonatorjt will fit in the samecryostatwith simply an extensiontube
connecting the liquid helium tank.
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10.8 Design of support structurefor threelarge Nal counters
D. W. Storm

We presentlyhavea singlelargeshieldedsodiumiodide detectorwhich is usedin Cavell. It is placed
on a platform which is only big enough for this single counter to be operated on one side of the beam.

We havearrangedo borrowtwo equallylarge sodiumiodide detectorsandplanto operateall threeat
once,with two on one side andthe third on the other side of the beamline. Consequentlye are planningto
build a platform 13' by 14" and to move the scattering chamieer feetdownstreansoit canbe placedin the
center of the rectangular platform.

The platform will be supportedon the floor of the cave basementwhich is a 12" thick reinforced
concrete slab, lying on compacted sand. The platform will haleg$8upportinga flat frameworkof steell-
beams with a maximum of 4.5' space between beams. On top of these beams we will put six slabs of reinforced
concretewhichwill beleveledto makea flat floor. We planto mountthe detectorson air pads, andthe floor
must be flat enough for operation of the airpads.

As of mid March, the concrete platforms have been ordered, the steelidesigipleteandthe steelis
ordered.
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Jun Jien (Felix) Liang, Research Associate
Steven D. Penn, Research Associate
Thomas D. Steiger, Research Associate

Y ue Su, Research Associate?

Josephus P. van Schagen, Research Associate
Danzhao Y e, Research Associate?

Zhiping Zhao, Research Associate
Xianzhou Zhu, Research Associate®

Predoctoral Research Associates

Qazi Rushdy Ahmad Wei-Dong Jiang®
James C. Beck Michael P. Kelly
Jeffery D. Bierman Diane M. Markoff
Thomas Brown’ Alan W.P. Poon
Pakkin Chan Gregory L. Smith
Alexander D. Cronin Algandro Sonzogni
Ziad Drebi8 Kenneth Swartz
Michael Harris David C. Wright

Ipermanent Address: Carnegie Mellon University, Pittsburgh, PA.
2Now at Christian Albrechts Universitaet, Kiel, Germany.

3Now at Room 102, Building 32, Beijing 100026, PRC.

4Now at University of Chicago, IL.

SNow at 13859 Azelea Circle, Tampa, FL.

5Now at OUM and Assoc., Bellevue, WA.

’Now at Lawrence Livermore National Laboratory, Livermore, CA.
8Now at Univ. of Al-Fateh, Tripoli, Libya.
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Professional Staff

John F. Amsbaugh, Research Engineer

Gregory C. Harper, Research Engineer

Mark A. Howe, Research Engineer

Duncan Prindle, Research Scientist

Richard J. Seymour, Computer Systems Manager
H. Erik Swanson, Research Physicist

Timothy D. Van Wechel, Electronics Engineer
Douglas |. Will, Research Engineer

Technical Staff

Dean T. Corcoran, Engineering Technician

James EIms, Instrument Maker

LouisL. Geissdl, Instrument Maker, Student Shop Leadman?®
Carl E. Linder, Engineering Technician

Allan Myers, Electronics Technician

Hendrik Simons, Instrument Maker, Shop Supervisor

John A. Wootress, Accelerator Technician

Steve Zsitvay, Instrument Maker

Administrative Staff
Barbara J. Fulton, Administrative Assistant
Karin M. Hendrickson, Office Assistant

Part Time Staff

Michael Adams!0 Arin Goldberg?®
Ryan Allen Karsten Isaacson
Stephen Bailey Tim Kaka

Chris Bond10 Jason Knox10

Sara Chanthaseny John McGrath
Ralph Chestine Adam Miller10
Dawneen DavistO Jeffrey Reid

Adam Di Vergilio Michael Strombach
Eric Dorman Peter Venablel?
Joseph Dossum?0 Eleanor Warfield10
James Evan [1110 David Weston10

9Retired.

19No longer associated with NPL.
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12. DEGREES GRANTED, ACADEMIC YEAR, 1994-1995:

"Radiocarbon dating of pollen by accelerator mass spectrometry,” Thomas Alexander Brown, Ph.D. Thesis,
(Geophysics) University of Washington (1994).

" Spin-induced shape changes in light-medium mass compound nuclei,” Ziad M. Drebi, Ph.D. Thess, University
of Washington (1994).
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13. LIST OF PUBLICATIONS FROM 1994-95

Published papers:
"Potentials that permit a uniqueness theorem," D.F. Bartlett and Y. Su, Amer. 82P6§3 (1994).

"Qualité du rayonnemeént en radiobiologie: application phénomenologique de la microdosimetrie," P. Pihet,
H. Bichsel and H.G. Menzel, J. Chimie Physique et de Physico-Chimie9Bjdli261 (1994).

"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. Brohm, B. Voss and H.
Bichsel, Nucl. Instrum. Methods &5, 213 (1994).

"Cluster impact fusion and cluster size distributions,” R. Vandenbosch, J. Neubauer, D.I. Will, T.A.
Trainor and D. Ye, Nucl. Instrum. Methods &8, 116 (1994).

"Current status of th&*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
(21993), Nucl. Instrum. Methods ®, 16 (1994).

"Using maximum likelihood analysis in HBT interferometry: bin-free treatment of correlated errors," J.G.
Cramer, D. Ferenc and J. Gazdzicki, Nucl. Instrum. Metho851A489 (1994).

"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, Nucl. P5§&. A
17C (1994).

"Results from SAGE (The Russian-American Gallium Solar Neutrino Experiment),” J.N. Abdurashitov
al., Phys. Lett. B328, 234 (1994).

"Gamow-Teller strength in th@ -decay of6Ca," W. Trinder, E.G. Adelberger, B.A. Brown, Z. Janas, H.

Keller, K. Krumbholz, V. Kunze, P. Magnus, F. Meissner, A. Piechaczek, M. Pfiitzner, E. Roeckl, K.
Rykaczewski, W.-D. Schmidt-Ott and M. Weber, Phys. LetB48, 331 (1995).

"Origin of empirical threshold for dissipative fission," R. Vandenbosch, Phys. R&y.2618 (1994).

"Measurements of the electric and magnetic form factors of the proton #emi @5 to 8.83 (Gev/é)
L. Andivahiset al., Phys. Rev. [30, 5491 (1994).

"Fusion-fission cross sections f4S +1388a and*®Ti + 1225n at near-barrier energies," A. Charlop, J.
Bierman, Z. Drebi, S. Gil, A. Sonzogni, R. Vandenbosch, and D. Ye, Phys. B&y6€3 (1995).

"D-D fusion induced by oxygen clusters impacting deuterated ice targets," J.F. Liang, R. Vandenbosch,
D.1. Will, Phys. Rev. Ab1, 1691 (1995).
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"Absence of anomalous entrance channel effects in sub-barrier heavy ion fusion,” A. Charlop, J. Bierman,
A. Garcia, D. Prindle, A.A. Sonzogni, R. Vandenbosch, D. Ye, S. Gil, F. Hasenbalg, J.E. Testoni, D.
Abriola, M. di Tada, A. Etchegoyen, M.C. Berisso, J.O. Fernandez-Niello and A.J. Pacheco, Phys. Rev. C
49, R1235 (1994).

"Electric form factor of the neutron from théi(&, &,/)°H reaction at @ = 0.255 (GeV/d," T. Edenet
al., Phys. Rev. G0, 1749 (1994).

"Energy of the 'hot CNO cycl&N(p,y ) resonance and t#&\e mass," P.V. Magnus, E.G. Adelberger
and A. Garcia, Phys. Rev.49, R1755 (1994).

"The Coulomb dissociation 88 and the’Be(p,y)®B reaction at low energies," T. Motobayashi, N.

Iwasa, 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 lll, K.l. Hahn, Z. Zhao, T. Nakamura, T.
Teranishi, Y. Futami, K. Furataka and Th. Delbar, Phys. Rev. 1312680 (1994).

"Modern tests of the universality of free fall,” E.G. Adelberger, Journal of Classical and Quantum Gravity
11, A9 (1994).

"Energy loss of 70 MeV protons in tissue substitute materials,” T. Hiraoka, K. Kawashima, K. Hoshina
and H. Bichsel, Phys. Med. Bid9, 983 (1994).

"New tests of the universality of free fall," Y. Su, B.R. Heckel, E.G. Adelberger, J.H. Gundlach, M.
Harris, G.L. Smith and H.E. Swanson, Phys. ReB0P3614 (1994).

"Natural wormholes as gravitational lenses," J.G. Cramer, R.W. Forward, M.S. Morris, M. Visser, G.
Benford and G.A. Landis, Phys. Rev5D, 3117 (1995).

"Constraints on coupling constants through chamegihotoproduction,” T. Mart, C. Bennhold and C.E.
Hyde-Wright, Phys. Rev. B1, R1074 (1995).

"Quantum mechanics and Bell's inequalities,” R.T. Jones and E.G. Adelberger, Phys. R&. 2&T5
(1994).

"B-decay off’Ca," W. Trinder, E.G. Adelberger, Z. Janas, H. Keller, K. Krumbholz, V. Kunze, P.
Magnus, F. Meissner, A. Piechaczek, M. Pfutzner, E. Roeckl, K. Rykaczewski, W.-D Schmidt-Ott and M.
Weber, Phys. Lett. B349, 267 (1995).

"Beta-delayeq -ray emission if/Ca decay," A. Garcia, E.G. Adelberger, P.V. Magnus, H.E. Swanson,
D.P. Wells, F.E. Wietfeldt. O. Tengblad and the ISOLDE collaboration, Phys. Rdy.R239 (1995).

"Search for entrance-channel effects in sub-barrier fusion reactions," A. Charlop, J. Bierman, Z. Drebi, A.
Garcia, S. Gil, D. Prindle, A. Sonzogni, R. Vandenbosch and D. Ye, Phys. B&v623 (1995).

"Fusion cross sections in systems leadint/#if at near-barrier energies," S. Gil, F. Hasenbalg, J.E.

Testoni, D. Abriola, M.C. Berisso, M. di Tada, A. Etchegoyen, J.O. Fernandez Niello, A.J. Pacheco, A.
Charlop, A.A. Sonzogni and R. Vandenbosch, Phys. Ré&i, €336 (1995).
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"Parity mixing of the 0 -0 I=1 doublet in14N," V.J. Zeps, E.G. Adelberger, A. Garcia, C.A. Gossett,
H.E. Swanson, W. Haeberli, P.A. Quinn and J. Sromicki, Phys. R&l;. 194 (1995).

"Radiative decays of the 16.6 and 16.9 MeV stat€Bénand tests of CVC in the A=8 multiplet,” L. De
Braeckeleer, E.G. Adelberger, J.H. Gundlach, M. Kaplan, D. Markoff, A.M. Nathan, W. Schief, K.A.
Snover, K.B. Swartz and D. Wright, in press, Phys. Red1,2778 (1995)..

"Gamma decays of proton unbound leveld/," P.V Magnus, E.G. Adelberger and N. Cabot, Phys.
Rev. C,51, 2806 (1995).

"Strange particle production in nuclear collisions at 200 GeV per nucleon," T.eh\llefthe NA35
Collaboration), Z. Phys. 64, 195 (1994).

"Modern tests of the universality of free fall," E.G. AdelbergeExperimental Gravitation, ed. by M.

Karim and A. Qadir, Inst. of Physics Publishing, Bristol and Philadephia, p. A9 (1994).
Paper s submitted or to be published:

"Ultradipole radiation from low-energy heavy-ion reactions," M.Kicinska-Habior, K.A. Snover, A. Maj, Z.
Drebi, D. Ye and M. Kelly, Proceedings of the XXIX Zakopane School of Physics (Zakopane, Poland,
1994) Acta Phys. Pol. B, in press.

"Bragg curves for different shape ionization chambers," H. Bichsel, submitted to Med. Phys.

"Progress and prospects in neutrino astrophysics," J.N. Bahcall, K. Lande, R.E. Lanou, J. Learned, R.G.H.
Robertson and L. Wolfenstein, Nature, in press.

"Measurement of the polarization of a pulsed electron beam with a Moller polarimeter in the coincidence
mode," K.B. Beardt al., Nucl. Instrum. Methods, to be published.

"Transverse momentum dependence of Bose-Einstein correlations in 200A GeV/c S + A collisions," D.T.
Alber et al. (the NA35 collaboration), Phys. Rev. Lett., to be published.

"36Ca decay and the Isobaric Multiplet Mass Equation," A. Garcia, E.G. Adelberger, P.V. Magnus, H.E.
Swanson, F.E. Wietfeldt, O. Tengblad and the ISOLDE Collaboration, submitted to Phys. Rev. C.

"Temperature dependence of the level-density parameter,” J.P. Lestone, submitted to Phys. Rev. C.

"Analysis ofa-particle multiplicities inl9F +181Ta reactions leading to evaporation residues," J.P.
Lestone, submitted to Phys. Rev. C.

"Spin-induced shape changes in light-medium mass compound nuclei," Z.M. Drebi, K.A. Snover, A.W.
Charlop, M.S. Kaplan, D.P. Wells and D. Ye, submitted to Phys. Rev. C.

"Inclusive positive pion photoproduction,” K.G. Fissum, H.S. Caplan, K.G.R. Doss, E.L. Hallin, D.M.

Skopik, J.M. Vogt, M. Frodyma, D.P. Rosenzweig, D.W. Storm, G.V. O'Rielly and K.R. Garrow,
submitted to Phys. Rev. C.
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"Two-pion Bose-Einstein correlations in nuclear collisions at 200 GeV/nucleon," D. feerehd¢the
NA35 Collaboration), Z. Phys., to be published.

"Neutrino," J.F. Wilkerson, McGraw-Hill Encyclopedia of Science and Technology, Eighth Edition, to be
published.

Abstractsand other conference presentations by NPL personndl:

"Fusion cross sections and linear momentum transféffoand160-induced reactions," A.A. Sonzogni,
A. Elmaanni, C. Hyde-Wright, W. Jiang, D. Prindle, R. Vandenbosch, J. Dinius, G. Cron, D. Bowman,
C.K. Gelbke, W. Hsi, W.G. Lynch, C. Montoya, G. Peaslee, C. Schwarz, M.B. Tsang, C. Williams, R.
DeSouza, D. Fox and T. Moore, abstract presented at Gordon Conference, June, 1994,

"SControl, an object-oriented program for the slow control of large physics experiments,"” M.A. Howe, J.G.
Cramer and P.B. Cramer, published in proceedings of AIHEN95 (Artificial Intelligence for High Energy
area Nuclear Physics), Pisa, Italy, April 1995.

"Natural wormholes as gravitational lenses," J.G. Cramer, M. Visser, M.S. Morris, R.W. Forward, G.
Benford and G.A. Landis, contributed to the 17th "Texas" Symposium on Relativistic Astrophysics,
Munich, Germany, Dec. 12, 1994, to be printed in Conference Proceedings.

"Operating experience with the upgraded UW Tandem," W.G. Weitkamp, D.T. Corcoran, G.C. Harper,
M.A. Howe, C.E. Linder, AW. Myers and T.D. Van Wechel, Symposium of North Eastern Accelerator
Personnel, Western Michigan University, 1994.

"A terminal ion source for the UW tandem," G.C. Harper, Symposium of North Eastern Accelerator
Personnel, Western Michigan University, 1994.

"A terminal computer for the UW tandem,” G.C. Harper, Symposium of North Eastern Accelerator
Personnel, Western Michigan University, 1994.

"Neutrino astrophysics: a research briefing,” J.N. Bahcall, K. Lande, R.E. Lanou, J. Learned, R.G.H.
Robertson and L. Wolfenstein, Report to National Academy of Sciences/National Research Council.

"Direct neutrino mass determinations,” R.G.H. Robertson, Invited Summary Paper, Snowmass Workshop
on Neutrino Astrophysics and Cosmology, June 30, 1994.

"Neutrino physics summary," R.G.H. Robertson, Invited Report to APS DPF Long-Term Planning
Committee, Albuquerque, NM, Aug 7, 1994.

"The solar neutrino problem: is the sun going out, or is no "nu's' good news?" R.G.H. Robertson, Public
Lecture, APS DNP Meeting, Williamsburg, VA, Oct. 27, 1994.

"Neutrino physics for the masses," R.G.H. Robertson, Invited Paper, Symposium in Honor of G.T. Garvey,
Los Alamos, Jan. 19, 1995.
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"Impact parameter dependence of pre-equilibrium particle emission in intermediate energy heavy ion
reactions,” R. Vandenbosch, Invited Talk, ACS National Meeting, Anaheim, CA, April 1995.

"Light-charged particles emitted from the decay of #f&r compound nucleus," J.F. Liang, J.D. Bierman,
P. Chan, M.P. Kelly, A.A. Sonzogni and R. Vandenbosch, Bull. Am. Phys4Qd278 (1995).

"Fusion barrier distributions extracted from cross-section measurements on the*8gstm3920s,
194pt " J.D. Bierman, P. Chan, M.P. Kelly, J.F. Liang, A.A. Sonzogni and R. Vandenbosch, Bull. Am.
Phys. Soc40, 978 (1995).

"Search for fundamentally new interactions with ranges >1 cm," J.H. Gundlach, Seventh Marcel Grossman
Meeting on General Relativity, Stanford, CA, July 23-31, 1994.

"The extraction and AMS radiocarbon dating of pollen from sediment samples from an Alaskan lake," T.A.
Brown, G.W. Farwell and P.M. Grootes, presented at the Second Annual PALE Research Meeting, Feb. 4-
6, 1995, University of Washington, Pack Forest, Eatonvile, Washington; published internally by PALE for
NSF.

"The extraction and AMS radiocarbon dating of pollen from lake sediment and peat samples," T.A.
Brown, G.W. Farwell and P.M. Grootes, abstract submitted to INQUA95, Aug. 3-10, 1995, Berlin,
Germany.

"Tests of the weak equivalence principle in the Earth's field,” Y. Su, E.G. Adelberger, B.R. Heckel, M.G.
Harris and G.L. Smith, Proceedings of the William Fairbanks Conference, Hong Kong, 1994.

"Development of §H(p,y)4He20 MeV calibration souce for energy calibration at the Sudbury Neutrino

Observatory,” A.W.P. Poon, presented at the Bakan School of Particles and Cosmology, Baksan, Russia,
April 19, 1995, to be printed in the Proceedings.

"Results for SAGE IlI," S. Elliott and SAGE Collaboration, Annual Fall Meeting of the Division of Nuclear
Physics, Williamsburg, VA, Oct. 29, 1994, contributed talk.

Conference presentations by collaborators of NPL personnel:

"Recent results from NA35," M. Gazdzicki for the NA35 Collaboration presented at Quark Matter '95,
Monterey, CA, Jan. 9, 1995, to be printed in the Conference Proceedings.

"Two-pion interferometry in central sulfur-nucleus collisions at 200 GeV per nucleon,” T. Alber for the
NA35 Collaboration presented at Quark Matter '95, Monterey, CA, Jan. 9, 1995, to be printed in the
Conference Proceedings.

"Antibaryon production in S-nucleus collisions at 200 GeV per nucleon," J.Gunther for the NA35

Collaboration presented at Quark Matter '95, Monterey, CA, Jan. 9, 1995, to be printed in the Conference
Proceedings.
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"Transverse energy distributions and nuclear stopping in Pb + Pb at 160 GeV per nucleon,” S. Margetis
for the NA35 Collaboration presented at Quark Matter '95, Monterey, CA, Jan. 9, 1995, to be printed in
the Conference Proceedings.

"Strange particle and anti-proton production in S + nucleus collisions at 200 GeV per nucleon," S.
Margetis for the NA35 Collaboration, present at the 8th Meeting of the Division of Particles and Fields of
the APS, Albuquerque, NM, Aug. 2, 1994, to be printed in the Proceedings.

"Stopping and two pion Bose-Einstein correlation results from CERN experiment NA35," J.T. Mitchell for
the NA35 Collaboration, presented at the 8th Meeting of the Division of Particles and Fields of the APS,
Albuquerque, NM, Aug. 2, 1994, to be printed in the Proceedings.

"Transverse momentum dependence of Bose-Einstein correlations in 200A GeV/c S + A collisions,” R.J.
Morse for the NA35 Collaboration, presented at the 5th Conference on the Intersections of Particle and
Nuclear Physics, St. Petersburg, FL May 31, 1994, to be printed in the Proceedings.

"Hadron production in S + nucleus collisions at 200 GeV/nucleon," S. Margetis for the NA35
Collaboration, presented at the 10th Winter Workshop on Nuclear Dynamics, Snowbird, Utah, Jan. 15,
1994, to be printed in the Proceedings.

"Bose-Einstein correlations in nuclear collisions at 200 GeV/nucleon," Daniel Ferenc and the NA35
Collaboration, invited paper presented at the XXIXth Rencontres de Moriond, QCD and High Energy
Hadronic Interactions, March 19, 1994, Meribel, France, to be printed in the Proceedings.

"Time projection chambers in NA35 and NA49," P. Jacobs for the NA35 and NA49 Collaborations,

presented at the Winter Workshop on Nuclear Dynamics, Key West, FL, Jan. 31, published in Proceedings,
Advances in Nuclear Dynamics, 217 (1994).
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