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A stackconsistingof theCR39(DOP)plasticsandanAl targethasbeenexposedto the
927 MeV

�
n U beamfrom LBL BEVALAC at an angleof 30� to study the large frag-

mentationphenomenaandchargepick-upreactions.Theplasticplatesbelow theAl target
wereetchedfor 29 hoursin 6.25N NaOHaqueoussolutionat 70� C. About 4200nuclei
producedin the Al target weredetectedin the plasticsandtheir etchpit diametershave
beenmeasured.Thedistribution of thediametersreflectsthechargedistribution of heavy
fragmentsfrom U-projectileswith chargeZF rangingfrom 88 to 91.Theestimatedpartial
cross-sectionsarecomparedwith the resultsderived from the modelof Townsendet al.
Theobservedchargepick-upcross-sectionfor chargechange∆Z ��� 1 hasbeenfoundto
lie below theexpectedresultfrom thescalinglaw of Guoxiaoetal.

1. Introduction

Investigationon the nucleus-nucleuscollisions at relativistic energies, using highly
compressedmatterin targetnuclei,is necessaryfor thederivationof thenuclearequationof
stateundernon-equilibriumconditions.It is alsorequiredfor thestudiesof thepropagation
of ultra-heavy primarycosmic-raynucleithroughtheinterstellarmedium.

Experimentsusinghigh-energy heavy projectileswill provide informationon thebe-
haviour of high-densitynuclearmatterathightemperatures.They alsoexhibit thefeatures
of extendednuclearsystems.Thefit to thebulk of dataon theprojectilefragmentationfor
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ultra-heavy nucleiin differentelementsallowsindirectlytoderivethepartialcross-sections
of ultra-heavy nucleiin elementalhydrogen.Thedirectdeterminationof thecross-sections
in hydrogenis verydifficult. Suchobservationsarealsonecessaryfor thecalibrationof the
space-bornecosmic-raypassive trackdetectorsthroughoutawideZ rangeof targets.

Many authors[1-5] have usedactive detectorswith theBEVALAC or AGSbeamsof
ultra-heavy nuclei to investigatethe interactionsof projectilenuclei with varioustargets
andto estimatethecharge-changingcross-sections.

CR39 nuclear track detectorshave beenusedextensively to estimatethe charge-
changingcross-sections[6-12].

Gerbieret al. [13] andWestphalet al. [14,15] have investigatedthe charge pick-up
phenomenaby usingVG13phosphateglassfor its gooddetectionresponseto theheaviest
nuclei.Their resultswerefoundto becomparablewith theresultscarriedout with active
detectorsandacceleratorbeams[1]. We have foundthatCR39candetectU-nucleiwith a
chargedetectionresponsethathasa non� Z2 dependence[16]. Nilsen [17] hasmodified
theparametricform of thecharge-changingcross-sectionsdependingon theprojectileand
targetmasseswith theuseof thebeamsof Kr andAg nucleiprojectedinto targetsranging
up to U. He hasshown that thepartialcross-sectionsσ∆Z for fragmentswith chargeloss
∆Z in the range � 20 � ∆Z ��� 2 follow thepower law σε 	 ∆Z 
 � ε, whereε is theenergy
dependentexponentobtainedfrom thefit to thedata.They havepointedout thatat higher
energieslargernumberof fragmentsareproduced,or breakupof subfragmentsincreases,
while openingof channelsfor theproductionof new fragmentsis notobserved.Hence,the
thresholdenergy of thelimiting fragmentationphenomenahasyet to beexplored.

TheVG13 phosphate-glasspassive detectorshave beenusedby Westphalet al. [14]
with Ho- andU-beams,takingtheglassandU asthetargets,to investigatethechargepick-
upcross-sections.They estimatedthechargepick-upcrosssectionspernucleon,neglecting
thetargetdependence.But whentheir resultis multipliedby thenucleonnumberto getthe
actualcross-sectionfor a particulartarget,theresultis muchlower thantheoneobtained
directly from experimentsusingthe sametarget. They have explainedthat suchreduced
cross-sectionsappearto bedueto thefissionphenomenain targetatoms.

In thepresentwork,wehaveirradiatedastackof 10CR39(DOP)plasticplates(eachof
a thicknessof 450µm) with a 2 cmthick Al targetby 0.927GeV� n U-ionsfrom LBL BE-
VALAC.Weadoptedtheslow-etchingtechniqueof theplasticsheets.Themeasureddiam-
eterdistributionof theelliptic etchpit mouthshasbeenanalysedtofind theheavy-fragment
distribution. Attentionhasbeenpaid to explorethechargepick-upphenomena.Theesti-
matedfragmentationcross-sectionshave beencomparedwith the resultsof Townsendet
al. [18].

2. Theexperiment

Thecompactarrangementconsistingof a 2 cm thick 27Al targetof 5 cm  5 cm area
in contactwith tensheetsof CR39,of thickness450µm each,placedabove,andfive such
sheetsof similar areaplacedbelow the target. In May 1990,the stackwasirradiatedby
927 MeV � n 238U diffusebeamfrom LBL BEVALAC of a fluenceof 5125 U-ions per
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cm2, atanincidentangleof 30� . Theplateswereetchedin 6 � 25N NaOHaqueoussolution
at 70� C for 29 hours. The etchingwas interruptedfrom time to time to replenishthe
NaOHsolution,with theaimto maintaina constantconcentration,andalsofor theoptical
checkingof thequalityof thetracksin theplastics.

Thebulk etchratevG hasbeenfoundto be1 � 36µm/hr, afteraccountingfor thelossof
thicknessof theplasticmaterialdueto thechemicaletching.Thisvaluewasconfirmedby
weighingof thesheetsbeforeandafteretching.

Whena highly ionizing particlewith a charge Z andvelocity βc passesthroughthe
nonconductingmateriallike plastics,latenttracksareproduced.Consequently, damages
appearin the polymerbondsdueto the energy depositionby the projectile. During the
chemicaltreatment,thelatenttracksareenlargedby theremovalof material,preferentially
alongthetrajectoryof theparticle,Theconeshapedetchpitsdevelopatthesurfaceopening
of thetrack.Thegeometryof theetchpit is a measureof theionizationrate,andit allows
thedeterminationof Z � β of theionizingparticle.Thediametersof theetchpitshavebeen
measuredby a Leitz OrtholuxOpticalMicroscopewith a filar micrometereye piece � 25
anddry objective � 24. Thesmallestvalueof our diametermeasurementshasbeenfound
to be0 � 3µm.

3. Resultsanddiscussion

About4200minoraxesof theelliptic conescreatedby 238U-projectilesandtheir frag-
ments(and by etching)have beenmeasuredon both surfacesof plasticsbelow the Al
target.Theaveragevaluesof theminor axesareshown in thehistogramdisplayedin Fig.
1. Thechargeresolutionof themethodhasbeenestimatedfrom theaverageof theetchpit
diametersobtainedfrom both-sidemeasurementsandfoundto beσq � 1 e. Suchacharge
resolutionis inadequatefor theexplorationof nuclearfragmentswith a fractionalcharge,
but thenuclearfragmentswith integralchargesareclearlyresolvedwith themeasurement
of theetchpits on bothsidesof theplastics.In principle,theetch-pitareasincreasewith
increasingion charges[19]. Measurementof the areaof the etchpits is, therefore,used
to estimatethechargeof thefragments.TheU-beamincidenton thestackhadanenergy
of 927 MeV � n, but it loosesenergy in 4500µm of plastic. The surviving U-nuclei had
energiesof about0.915GeV� n and0.775GeV� n at the top andbottomof theAl target,
respectively. The unfragmentednuclei leaving the Al target weredetectedin the plastic
sheetandtheir Z � β wasderivedandfound to be 109.95for β � 0 � 84. The U-ions were
fully strippedandthedetectedchargesareindicatedby arrows in Fig. 1. Thesmallpeaks
to the left of the largestone are due to the fragmented-Upeaks(lower-charge nuclei).
TheGaussianfit to theobservedpeaksof thecone-lengthdistribution is displayedin Fig.
1. It mapstheetch-pitminor axesinto incidentprojectilesof chargeZ � 92, fragmented
incidentprojectilesdown to 88 (Ra)andpick-upnucleiwith Z � 93. Thenumbersof un-
fragmented(U), fragmented(Ra,Ac, Th, Pa) andchargepick-upnuclei (Np) have been
estimatedfrom theGaussianfits to theetch-pitminoraxesdistributiondisplayedin Fig. 1.
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Fig.1.Histogramof minoraxesof etchpitsasmeasuredby theLeitzOrtholuxmicroscope.
The uraniumpeakand the peaksdue to the fragmentsare marked by arrows and their
respective charges.The curvesdrawn in the histogramshow the Gaussianfits that were
usedfor determinationof numbersof eventsfrom variouscharges.

The target thicknesswas5.4 g/cm2 which is smallerthanthemean-freepathof U in
Al (21.53g/cm2) calculatedfrom the nuclearsizesobtainedfrom theelectronscattering
experiments[20]. Neglectingthedoublefragmentationprocessin thetarget,onecanesti-
matethecharge-changingcross-sectionsusingthestandardformulationof Cecchiniet al.
[21]:

σ∆Z � Zi � Zf ��� AT

NAρt
ln � 1 � Nf � Ni � � � 1�

σ∆Z � Zi � Zf � is thepartialfragmentationcross-sectionin Al targetfor reactionsinitiatedby
a U-ion of chargeZi into a fragmentof chargeZf � AT � 27 is thetargetmassnumber, NA

is theAvogadro’s number, ρ � 2 � 7 g/cm3 is the targetdensity, target thicknesswast � 2
cm,Nf is thenumberof fragmentsof chargeZf � Ni is thetotalnumberof primarynucleiof
chargeZi reachingtheplasticsheetafterpassingtheAl target.Table1 showstheobserved
parametersobtainedfrom Gaussianfits asderivedfrom Fig. 1. By theadoptionof inter-
actionparametersfrom Table1, andusingrelation(3), thecharge-changingfragmentation
cross-sectionsfor chargesbetween88and91havebeencalculated.They areshown in Ta-
ble1. In Table2,wehaveshownourderivedresultsfor thecharge-changingcross-sections
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from abrasion-ablationmodelof Wilsonetal. [18], alongwith ourearlierresultsobtained
from cone-lengthmeasurements.In Table2, we alsocomparethepresentresultwith the
extrapolatedresultsfrom thedataof Binnsetal. [1] It maybepointedout thatthepresent
slow-etchingdataonminoraxesagreesatisfactorilywith ourearlierresultsobtainedfrom
thecone-lengthmeasurements[10].

TABLE 1. Numbersof eventsusedfor theevaluationof theobservedfragmentationand
chargepick-upcross-sectionsin 238U � 27Al interactionsat 0.845� 0.070GeV/n, obtained
from4200etch-pitminoraxesmeasurementsin CR39sheetskeptbelow the2 cmAl target.
Zf andZb denotetheelements,Ni is thenumberof unfragmentednucleithatemergedfrom
thetarget,Nf is thenumberof fragmentedbeamnuclei thatemergedfrom thetarget,and
σ∆Z � Zi � Zf ) is thecharge-changingcross-section(in unitsof 10� 31 m2).

Ion Zb or Zf Ni Nf σ∆Z � Zi � Zf  
U ZB ! 92 3726
Pa 91 189 438 � 32
Th 90 123 285 � 26
Ac 89 81 188 � 21
Ra 88 63 146 � 18
Np 93 18 42 � 10

TABLE 2. Theestimatedcharge-changingcross-sectionsσ∆Z (in unitsof 10� 31 m2), ob-
tainedin thepresentinvestigationandin earlierwork.

Fragment Fromminor Fromcone Calculated Fromthe
charge axesdata length from the extrapolated

ZF PresentWork data[10] model[18] results[1]
88 146 � 18
89 188 � 21 143 � 12 120 112
90 285 � 26 231 � 15 180 126
91 438 � 32 399 � 20 320 217
93 42 � 10 62 � 7

In Fig.1,it is foundthatthechargepick-uppeakis well separatedfrom themainbeam
peak � Z ! 92 . Theestimatedchargepick-upcross-sectionhasbeencalculatedfrom the
conventionalrelation:

σ∆Z "$# 1 ! N93A
NbeamNAρx % � 2 

whereN93 is thenumberof chargepick-upevents,Nbeamis thenumberof unfragmented
beamparticlesexiting thex ! 2 cmAl target.Theestimatedchargepick-upcross-section
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is found to be & 42 ' 10(*) 10+ 31 m2 andthis value is much lower thanour short-hour-
etchingresults & 62 ' 7(*) 10+ 31 m2. Guoxiaoet al. [6] have given a peripheralscaling
formulaon thebasisof theobservedchargepick-upcross-sectionsandtheresultis:

σ∆Z ,$- 1 . 1 / 7 ) 10+ 4 & A10 3
target 1 A10 3

beam2 1( A2
beam/ & 3(

TakingAprojectile . 238andAtarget . 27,andusingtherelation[3], thechargepick-
upcross-sectionσ∆Z ,$- 1 hasbeenestimatedfrom thescalinglaw andfoundto be78/ 93 )
10+ 31 m2. The predictedcharge pick-up cross-sectionfrom scaling & σscaling( is found

to be78/ 93 ) 10+ 31m2, whereastheobservedone & σabs( is 42 ) 10+ 31 m2. Using these
results,theprobabilityfor fissionp hasbeenestimatedat0.47.Theobservedchargepick-
upcross-sectionfor Np & Z . 93( formationdecreasesdueto fissionphenomena.
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TEŠKI FRAGMENTI NASTALI U RELATIVISTIČKIM SUDARIMA
238U + 27Al

Snopomionauranaenergije 927MeV/n dobivenomiz LBL BEVALAC ozrǎcili smostog
plastǐcnihdetektoraCR39(DOP)podkutomod 303 , radi proǔcavanjatěskih fragmenatai
reakcijaizmjenenaboja.Za oko 4200rupicanastalihprolazombrzih těskih ionai jetkan-
jem plastǐcnih detektoranǎcinili smomjerenjapromjera.Kako su promjeri rupicaveći
za ione većeg naboja,mogli su seodrediti brojevi dogadajaod uranovih iona koji nisu
promijenili naboj,te od fragmenatas manjimnabojem(Zf od 88 do 91) i s većim nabo-
jem (Zf 4 93). Odredenisu udarnipresjeciza te procesei usporedenisu sarezultatima
premamodeluTownsendai suradnikaRezultatzaudarnipresjekza∆Z 4�5 1 je manji od
očekivanogpremamjerilnomzakonuGuoxiai suradnika.
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