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Bubble Chambersprovided the dominant particle detectiontechnologyin ac-
celerator experimentsfor several decadesgeventually falling into disusewith
the advent of other techniques. We report here on the first period of op-
eration of an ultra-clean, room-temperature bubble chamber containing 1.5
kg of superheatedCF;l, atarget maximally sensitve to spin-dependentand
-independentWeakly Interacting Massive Particle (WIMP) couplings. An ex-
posure in excesf 250kg-daysis obtained, with a live-time fraction reaching
80%. This illustrates the ability to employ bubble chambersin a new realm,
the search for dark matter particles. Improved limits on the spin-dependent

WIMP-pr oton scattering crosssectionare extracted fr om this first period. An
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extremeintrinsic insensitivity to the backgroundscommonlylimiting theseex-
periments (arejectionfactor for photon-inducedelectronsof ~ 10~1°) hasbeen
measured in operating conditions leading to the detection of low-energy nu-

clear recoilssuchasthoseexpectedfrom WIMPs.

Intr oduction

With approximately85% of the total matterof the universein a form which still eludesdi-
rect detection,the needfor large-masspackground-insensite detectorsable to explore the
very small couplingsexpectedfrom Weakly InteractingMassve Particles(WIMPS) is urgent.
While a memberof this family of hypotheticalparticles,the LightestSupersymmetri®artner
(LSR a.k.a.neutralino)standsout asoneof the mostlik ely candidategor the Dark Matterin
galaxies(1,2), its predictednteractionratevia low-enepy elasticscatteringoff nucleiis <<1
event/kg-dayfor ary tamget. In someunfavorable,yet entirely plausiblemodelsthis can be-
comeadismayinglysmall <1 event/ton-yearTo furtheraggraatethis situation,the couplings
still allowedby presentirectsearchesrealreadysoweakthatthe next generatiorof massve
(O(100)kg)WIMP detectorswill necessarilypuffer from a penuryof statisticsin arny darkmat-
ter signalthey may obsere. For instance uniquesignaturesuchasa ~5% annualmodulation
in WIMP interactionrate expectedfrom the orbital motion of the Earth (3) will soonrequire
extremeexposuresf O(100)on-yearto becomeevident. InformationaboutWIMP properties
(e.g.,massof the particle)will bescarceThis clearlyindicatesthe needfor a variety of detec-
tion techniguesndtargets,andfor anemphasisvithin eachexperimentotonly onimproving
sensitvity, but on developingschemeghat allow the unequvocalidentificationof theseparti-
cles(4).

Superheatetiquids, in the form of bubble chambersyere extensiely usedasthe detec-

tion mediumof choicein acceleratoexperimentsspanningmore thanthreedecadesThese
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chamberded not justto numeroudliscoveries,but alsoto aneffect nearlyasimportant:anun-
precedentedbility to visualizefundamentaparticlesandtheirinteractiong5,6). Theadwentof
newertechnologiesedto theirprogressie obsolescencduringtheseventiesln abubblecham-
ber, the heatdepositedy ionizing radiationsalongtheir pathproducedocal nucleationsof the
vaporphasdn adelicate(metastablej(uperheatetiquid. Rapidly growing bubblesform along
this path,arephotographedandthechambeis thenresetby fastrecompressioto thestablelig-
uid phaseDecompressiofollows, bringingthetargetbelow its vaporpressureattheoperating
temperaturesensitizingit to radiationandstartingthe cycle anev. In acceleratoexperiments
it wassufficientto maintainthe superheatedtateduringthefew millisecondscorrespondingo
the bunchedarrival of incidentparticles.Uncontrollableboiling on porousmaterials(gaslets,
metallic surfaces)preventedseriousconsideratiorof this type of detectorin searchegor rare
events,wherethetime of arrival of thesignalis not known.

Taking several precautiongowardsthe deactvation of inhomogeneousubble nucleation
centerswe have recentlyshovn thatit is possibleto achiese whatis in principle an indefi-
nitely long stability in moderatelysuperheatetilubblechamberg7), therebyallowing their use
in direct WIMP searcheslin this realmof application,several advantagedor this type of de-
tector can be mentioned Most importantis the fact that the superheatetiquid canbe tuned
to respondexclusively to particleshaving alarge stoppingpower (dE/dz, enegy lossper unit
pathdistance)ln this way muons,gammarays,x-rays,betaparticles etc.,all fall well belov a
bubblenucleationthreshold which is typically dE/dx > 50 keV/um duringa WIMP search
(Fig. 1). Thetargetliquids are neverthelessensitie to few-keV nuclearrecoilssuchasthose
expectedfrom the scatteringof WIMPs, giventheir muchdenserenegy deposition.The pro-
cessof radiation-inducedubblenucleationis describedwithin the frameawork of the classical
“Hot Spike” model(8): for the phasetransitionto occur the enegy depositedoy the particle

mustbe larger thanthe thermodynamicalork of formationof a critically-sizedprotolubble,



but this enegy mustalsobelost over a distancecomparablédo the sizeof this prototubble,i.e.,
aminimumstoppingpower conditionmustbefulfilled. This conditionleadsto anadwantageous
insensitvity to thelistedminimumionizing backgroundshatnormally plagueWIMP searches
(Figs. 1,2). Formal detailson the theoryof radiation-inducedbubbleformationin superheated
fluids canbefoundin (9,[10,/11) andreferencesherein.As for the probability of spontaneous
(homogeneoushubblenucleationin the bulk of a superheatedluid, it only becomessizeable
afew degreesbelow the critical temperaturef the targetcompound(12). In normaloperating

conditionsfor adarkmattersearclthis sourceof instability is entirely negligible.

Experimental

Chamber operation Early in 2005 we installeda chambercontainingl1.5 kg of CR;l, an
industrialrefrigerantcommonlyusedasa fire extinguisher at the 350-footdepthof the NuMI
(Neutrinosatthe Main Injector)tunnelin Fermilab Environmentalneutronscanproducesingle
bubblessuchasthoseexpectedrom WIMPsif they scattefjustoncein thetarmget(Fig. 2). At this
shallov depth,a combinationof active andpassve shieldingcanleadto a neutronbackground
rateaslow as0.01 bubbles/ kg-day The choiceof CR;l providesoptimal sensitvity to both
spin-depender{SD) andspin-independen(SI) WIMP couplings,n thefirst caseby its fluorine
content,in the secondvia the presencef iodine (1,12,[13). This allows a maximally efficient
explorationof supersymmetrit?VIMP candidate$4).

Bubbleproductionwithin the chambelis monitoredvia two triggermechanismghe sound
emissionor pressureise createdoy their formationandgrowth, andby the changeghattheir
appearancaducesn CCD cameramages,jnspectedvery ~20 ms. Two orthogonalkcameras
watch the inner volume (Fig. 2), wherethe active liquid resideswithin a thin quartzvessel.
A bellows mechanisnbalanceghe pressuralifferenceacrosshe quartzvesselwall (14). The

precisionin the stereoscopiceconstructiorof the spatialpositionof small early bubblesis of
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the order of their size at the time of the trigger, ~1 mm. A live-timefraction of ~80 % was
obtainedafterthe adoptionof real-timeimageanalysisasthe primarytrigger.

The chambemwasoperateccontinuouslyin a variety of conditions(pressuretemperature,
presencef radioactve sourcesdifferenttriggeringmethodsand pressurecycling protocols),
for ayearstartingon DecembeR005,generatingan exposurdargerthan250kg-days,with an
overall meantime betweenexpansionsof ~100 s. The emphasison this first large prototype
waspurelyonthe functionalaspectdeadingto continuousunattendeaperationandenhanced
stability, obtainedby implementingthe techniquesdescribedin (7). In the interestof rapid
deployment, little attentionwas paid to alpha-recoilbackgroundssuchas thoseinducedby
radonandits progery (Fig. 1). Thedataathand,althoughentirelydominatedy radon-induced

backgroundsalreadyyield animprovedsensitvity to SD WIMP-protoncouplings.

Calibrations Of importanceprior to a WIMP searchis an empirical determinationof the
maximumdegreeof superhea(l5) achiezablebeforethe onsetof sensitvity to minimumion-
izing particlessuchasphotoelectrongFig. 1). Thisin turn defineshelowestrecoil enegy that
canbedetectedn background-freeonditions,andwith it the acceptancéor a WIMP signal.
Similarly, it was necessaryo demonstratéhat sensitvity to low-enegy nuclearrecoils was
neverthelespresenin thoseconditions.Two calibrationsourcesveredevelopedfor thesepur-
posesThefirst one,anintensel3 mCi '*”Cs gammasource wasplacednext to thechambers
outersteelvesseljnsideits neutron-moderatingolyethyleneshield.Fig. 3 shavstheresponse
of the chamberasa function of operatingpressuran the presencef the sourceandin its ab-
senceA Monte Carlosimulation(16) wasusedto calculatetherateof photon-inducea@lectron
productionwithin the active volume of the chamberFrom the differencebetweenthis inter-
actionrateandthe obsened bubblenucleationratein the presencef the sourceit is possible

to obtaina gammarejectionfactor (the fraction of interactinggammasnducingbubbles)asa



function of degreeof superheatThis factorcanthenbe expressedn termsof the calculated
nuclearrecoil enegy thresholdfor eachpressuresetting(Fig. 3, inset). The minimum-ionizing
backgroundejectionobtained~ 10~1° for anuclearrecoil thresholdof ~10keV, is unmatched
by ary otherWIMP detector For instance dark matterdetectionefforts using cryogenicger
maniumdetectorsensitveto bothionizationandheat(Akerib etal. in (13)) presentlyfeaturea
rejectionfactor10=*—10-° for asimilar recoil threshold As aresultof this, moderatelysuper
heatedoubblechambersarefreefrom arny radiopurityconstraintsn gammaor betaemittersin
thedetectoror its neutronmoderatoshield,includingpossibleclevatedratesof 1*C in theactive
liquids. This freedom,whencombinedwith room-temperatureperation translatesnto large
gainsin constructiorspeedanda reductionin costs.This backgroundnsensitvity is intrinsic:
electron-induce@ventssimply do not take place.

The secondcalibrationsourceis a switchableAm/Be neutronsource(Fig. 4). It waschar
acterizedusing a ®*He countersurroundedy moderator A Monte Carlo simulation(16) was
usedto generatdghe responsef the counterleadingto a measurecheutronyield of 4.9 n/s,in
excellentagreementvith the (o, n) reactionyield from the 24! Am foil sourcesemployed and
separatelycharacterizedln orderto further assesshe uncertaintyin the very small yield of
the source(19), the samesimulationpackageand neutrondetectorwere usedto characterize
five commercialneutronsourcesof known actwvity. This uncertaintywasfoundto bea modest
+11%.This switchablesource alsoplacedoutsideof the steelwall of therecompressiooham-
ber, is moderatedby the~10cmof recompressiofiuid aroundthequartzvessebndis therefore
expectedo producerecoilsvery similarin enepgy to thosefrom WIMP interactiongFig. 4, in-
set).In comparingthe predictedresponséo this sourcewith actualobsenations,onemusttake
into accountadditionalsourcef uncertaintyaffecting the input to the MCNP-PoliMi Monte
Carlo (21) usedto transportneutronsand generatehe expectedrate and enegy distribution

of recoilsin the active liquid. We have appraisedheseto be dominatecby a +28% from the



fiducializationof thechambegeometryanda +24%from thehardnessf theneutronspectrum
(affectedby alpha-particleenegy losseson their way to the Be foils (22)). The comparisons
very good,ascanbeappreciatedn Fig. 4. Thesepredictionsveregenerategbrior to inspection
of the neutronirradiationdata.The succes®f this calibrationconfirmsthe predictionsfor bub-
ble nucleationthresholdsas a function of superheatsanctioningWWIMP limits obtainedfrom
the device. Switchablesourcessimilar to this onecanbe usedin plannedlarger chambergor
periodicstudiesof responséo nuclearrecoils,importantfor instancevhenlooking for WIMP-
inducedmodulationsin the data(3). To the bestof our knowledgethis is the first instanceof

theirusein adirectsearchfor WIMPs.

Presentlimitations of the method Two backgroundsecameevident during undeground
operationof the chamberThefirst is an excessof bubbleson the wall of the quartzvessel A
fractionof theirratemayarisefrom the exposureof thevesseto typical concentrationsf radon
in air beforeinstallation.Thisresultsin theshallov implantationof its long-livedalpha-emitting
daughterg20). Anothersourceableto explain mostto all of the obsened surface-alphaateis
the ~50 ppb of uraniummeasuredria gammaspectroscop in the quartzvesselmaterial.An
origin in alphaemissionfor thesewall eventsis confirmedby their disappearancat pressures
higherthan 65 (35) psig, the predictedthresholdsfor alpha-inducedubble nucleationwhen
operatingat 40 (30) C. Image analysisreadily identifiesthesebubblesas happeningon the
wall, allowing rejectionwith high confidenceHowever, sinceeacheventis followedby tensof
second®f recompressiotimeto ensuraecovery of thesuperheatestatein thesubsequernde-
compressiolf7), anexcessvewall rateperunit quartzsurfacewould leadto aconsiderablelead
timein largerchambersA decreaséy x10(x100)in thewall eventratefrom thepresentlyob-
senedvalueis neededo ensurehatO(50) kg chambersinderconstructiorsustainalive time

>60 % (>85 %). In orderto achieve this reduction,an etchingprocedurehasbeendeveloped



in collaborationwith the vesselmanufcturery facilitating the removal of implanteddaughters
while preservingsurfacesmoothnesandresistancegainstractureinitiation. In addition,nev
chambergmploy syntheticfusedsilica containingonly afew pptof alpha-emitters.

The secondsourceof backgroundeventsfrom this mechanicaprototypedetectorconsists
of temperature-dependergdonemanationsndinjectionsinto the chamberlikely from tho-
riatedweld lines anda Viton O-ring exposedto the inner detectorvolume. Viton is known to
releaseadonatarateof ~300mBg/m? anddoesnotcreatea strongbarrieragainsits diffusion
from external sourcesRadondecayscanleadto single bubblesin the bulk identicalto those
expectedirom WIMPs (they neverthelesslisplaya very differentspectralandtemporaldepen-
dence asdiscussedelow). Thatthe origin of essentiallyall presently-obseed bulk eventsis
in radon-associatealphasandalpha-recoilds evidencedby two signaturesFirst, the distribu-
tion of timesbetweenconsecutie bulk events(Fig. 5) displaysa clearshort-lved component
correspondingo thethedecaysequencé??Rn —2'8Po —2'Pp (bothstepsarealpha-emitting).
Two independenanalyse®f this distribution, includingthefull decaychain(Fig. 5), the effect
of recompressiotidead)time, fiducial volume cutsandthe possibility of othersourcesheing
presentstronglyfavor modelswith ~100%of the eventsbelongingto the??2Rn sequencanda
~100%bubblenucleatiorefficiency for thecombinedalphaandalpha-recoiemissionSecond,
the distribution of bulk eventratesvs. operatingpressureat a fixedtemperatures flat belowv a
sharplydefinedonsetpressurethe value of which is againin good agreementith theoreti-
cal expectationgFig. 5). This is the kind of spectrabehaior expectedirom the responsef a
thresholddetectorto amono-enggeticsourcelt hasbeenobsenedin the pastin bubblecham-
bersintentionallyspikedwith alphaemitters(23). New largerchambersinderconstructioruse

metallicsealswith all weld linesbeingnon-thoriatedamongotherprecautiongagainsikn.



Impr oved sensitvity to WIMP couplings

Evenconstrainedby the backgroundimitationsof themechanicaprototypein theseearlyruns,
an improved sensitvity to the spin-dependeriVIMP-proton couplingis obtainedfrom these
data.Thisis possibledueto the extremesensitvity to this modeof interactionaffordedby the
large massfraction of fluorine (29.1%)andthe operationof the chamberin conditionswhere
only nuclearecoils(alpha,neutronor WIMP-induced)canproducebubbles Fig. 5 displaysthe
characteristicecoil rateexpectedrom exampleWIMPs, overlaidon the data.Suchspectraare
calculatedfor differentWIMP massesusingthe theoreticalbubble nucleationthresholdgtop
axisin the figures)for fluorine recoils (24). Thesearein turn usedto generatehe integrated
WIMP recoil rateabove threshold following the methodanddark matterhalo parametersec-
ommendedn (25). Thesethresholdcalculationshave beenvalidatedby their successn pre-
dicting the responsef the chamberto the Am/Be source(26). Following a proceduresimilar
to thatin (27), experimentalbulk bubble nucleationratesvs. pressuresuchasthosedepicted
in Fig. 5, arefitted with a modelcontainingtwo free parametersthe signalfrom a WIMP of a
givenmass scalableby a free spin-dependentross-sectionandthe responséo ??2Rn alphas,
expressedsalogistic functionwith a free overall normalization(Fig. 5). The minimizationis
performedusingthe MINUIT package(28), its outputcross-cheokd via a standarderror ma-
trix analysis.The bestfits favor the null hypothesisalone(responséo ??2Rn alphasonly). The
largestspin-dependentouplingsallowed by the data,up to a90 % C.L., aredisplayedin the
form of exclusionplotsin Fig. 6. Theseboundsarisefrom the weightedaverage(25) of the

analyseperformedon threeindependeniarge datasetsaddingup to 52 kg-daysof exposure.



Conclusions

Even prior to ary measuresgainstalpha-emittingbackgroundsimproved boundson spin-
dependenWIMP couplingscanbe obtainedfrom the applicationof anold technologybubble
chambersto anew problem thatof darkmatterdetectionIn particular thesenew boundsmake
aspin-dependenhterpretation(30) of the DAMA claim of anobsenedWIMP signal(31) very
difficult. Otherexperimentshave alreadyseverely constrainedpin-independeregxplanations.

In principle, and strictly from the point of view of internal backgroundsthe sensitvity
of this techniquecanbe improved by asmuchassix ordersof magnitudeby reducingalpha-
emittingcontaminantérom theuraniumandthoriumchaingto levelssimilarto thebestachieved
in large neutrinoexperiments(< 10~'7 g/g) (34). This would guaranteen extensive probing
of supersymmetri®VIMP modelsalongboth spin-dependerdnd-independentouplings(4).
The possibility exists to add the detectionof dark matterto the mary contributions already
madeby BubbleChamberdo particlephysics We presentlyconcentraten the developmenif
radon-freechambersvith atotal tagetmassof O(50)kg.
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Figure1: Instantaneoustoppingpower vs. enegy for differentparticlesin CKl, includingits
threerecoilingspeciesPlottedashorizontalandverticallinesarethe calculateddE/dxanden-
ergy thresholdgor bubblenucleationat T=40 C andtwo differentoperatingoressuresiccord-
ing to the“Hot Spike” nucleatiormodel(8) only radiationsin thetop right (colored)quadrants
canleadto bubbles.Notice the absencef this possibility for electronsaventowardthe endof
theirrange,in conditionsthatnonethelesteadto a sensitvity to recoilsof justafew keV, such
asthoseexpectedfrom WIMP interactions Alpha particlesandtheir recoiling daughterscan
inducebubblenucleationsaandthe presenc®f their emittersmustthereforebe avoided.
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Figure2: Familiesof eventsin al.5kg CK;1 bubblechamberAt highdegreesof superheat~60
C andatmospherigressurdor this compound) minimumionizing cosmicray eventsreminis-
centof thoseobsenedin early bubblechamberg5) arevisible (left). At moderatesuperheats
(~30C, 1 atm)thechambeis sensitve strictly to high d E /dx radiationsuchasnuclearecoils.
Whereaseutronscangive rise to simultaneouseparatdubbleseachcorrespondingo a scat-
ter (center) WIMPs areexpectedo producesinglebubblesonly (right), dueto their extremely
small probability of interaction.The meanfree path betweenscatterss of just a few cm for
neutronsjeadingto anexcellentability to rejectthemin largechambers.
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Figure3: Responsef thechambeto anintense'?” Csgammasource The expectedgammain-
teractionratewith the superheatetiquid is 3.9x10° persecondwith gamma-induceelectron
enegiesreachingupto 662keV. Inset Intrinsic gammarejectionfactor(fractionof interacting
gammasnducingbubbles)obtainedirom the exposureto the source(seetext).
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Figure4: Blind absolutecomparisorbetweenexpectedbubble nucleationrate (lines) and ob-
senations(points)in the active presencef the switchableAm/Be neutronsource(top inse).
Thetwo linescorrespondo largely differentvaluesof a nucleationparameteta” (17), thesin-
gle freefactorin the classicaltheoryusedto predictbubble nucleationthresholdq8). A fit to
the dataprovidesan excellentagreementith theoreticalexpectationga = 6) (18). Including
the uncertaintyin the predictions(seetext) the samefit simultaneouslyields an efficiengy in
the responseo this sourceof 81+53% (51+13%) at 40 C (30 C) (errorsare 90% confidence
levels).Calculatedhresholddor recoil-inducedhucleationareexpressedn keV alongthetop
axis.Bottominset: Spectrunof nuclearrecoil enegiesproducedoy the source(MCNP-PoliMi
simulation(21)), similarto typical expectedWIMP recoil spectra.
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Figure5: Top: Distribution of timesbetweenconsecutre bulk eventsin the chamberA model
(solidline) includingthe effect of deadtime andfiducial volumecuts,basedn thetriple alpha
emissionfrom #22Rn andprogely, successfullyreproduceshis distribution (seetext). Bottom:
Distribution of singlebulk bubblenucleationratevs. operatingpressurefor two differentrun-
ning temperatureRatesdisplaya flat behaior up to apressureendpoint.Thisis characteristic
of theresponsé¢o monochromati@lphasand~100keV alpharecoils(herefrom 222Rn emana-
tions,seetext). Coloredarrans alongthe bottomaxesindicatethe predictedonsetof sensitvity
to theseparticles,in goodagreementvith obsenations.As a referencesolid lines correspond
to the expectedsignal rate from WIMPs with a massof 10 and50 GeV/c? anda 3 pb cross
sectionfor their spin-dependentouplingto protons.Also shavn is the responsdunction to
222Rn andprogery (dashedines).Calculatedenegy thresholdgin keV) for bubblenucleation
by fluorinerecoilsareshavn alongthetop axes.
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Figure 6: Top: Improved limits on spin-dependenfpure) proton-WIMP coupling vs. WIMP
massfrom this experiment(COUPR the ChicagolandObsenatory for Undeground Particle
Physics).Couplingsabove the line would have producedsignalsabore obsered backgrounds
andareexcludedto 90%C.L. Limits from otherexperimentsarealsoshovn (29), aswell asthe
(orange)region favored as a possibleexplanationto an existing claim for WIMP obsenation
(30,131), a hypothesisnow contradictedby this experiment.Bottom: Similar limits for spin-
dependentouplingparametersvhereno assumptions madeaboutthe relative strengthof the
couplingto neutronsandprotons but a WIMP massmustbechosen50 GeV/¢ here)(32,33).
Theregion outsideof theellipsesis excludedby eachexperiment.
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