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A stackconsistingof the CR39(DOP) plasticsandan Al targethasbeenexposedto the
927 MeV/n U beamfrom LBL BEVALAC at an angleof 30° to studythe large frag-
mentatiorphenomenandchagepick-upreactionsTheplasticplatesbelow the Al target
wereetchedfor 29 hoursin 6.25N NaOH aqueoussolutionat 7¢° C. About 4200nuclei
producedn the Al targetwere detectedn the plasticsandtheir etch pit diametershave
beenmeasuredThe distribution of the diametergeflectsthe chage distribution of heary
fragmentsrom U-projectileswith chageZg rangingfrom 88to 91. The estimatedartial
cross-sectionare comparedwith the resultsderived from the modelof Townsendet al.
Theobsenedchage pick-up cross-sectioffior chagechangeAZ = +1 hasbeenfoundto
lie below the expectedresultfrom the scalinglaw of Guoxiaoetal.

1. Introduction

Investigationon the nucleus-nucleusollisions at relatiistic enegies, using highly
compressethatterin targetnuclei,is necessarfor thederivationof thenuclearequatiorof
stateundemon-equilibriumconditions It is alsorequiredfor thestudiesof thepropagation
of ultra-heay primarycosmic-raynucleithroughtheinterstellamedium.

Experimentasing high-enegy heary projectileswill provide informationon the be-
haviour of high-densitynucleamatterat hightemperaturesthey alsoexhibit thefeatures
of extendedhuclearsystemsThefit to thebulk of dataon the projectilefragmentatiorfor
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ultra-heay nucleiin differentelementallowsindirectlyto derivethepartialcross-sections
of ultra-heay nucleiin elementahydrogenThedirectdeterminatiorof thecross-sections
in hydrogeris very difficult. Suchobsenationsarealsonecessarfor thecalibrationof the
space-borneosmic-raypassie trackdetectorghroughoutawide Z rangeof tamgets.

Many authorg[1-5] have usedactive detectorswith the BEVALA C or AGS beamsof
ultra-heay nucleito investigatethe interactionsof projectile nucleiwith varioustargets
andto estimatethe chage-changingross-sections.

CR39 nucleartrack detectorshave beenused extensively to estimatethe chage-
changingcross-sectionfs-12].

Gerbieret al. [13] and Westphalet al. [14,15] have investigatedhe chage pick-up
phenomenaéy usingVG13phosphatglassfor its gooddetectiorresponseo the heaviest
nuclei. Their resultswerefoundto be comparablevith the resultscarriedout with active
detectorsandacceleratobeamd1]. We have foundthat CR39candetectU-nucleiwith a
chage detectionresponsehat hasa non—2z2 dependencgl 6]. Nilsen[17] hasmodified
theparametridorm of the chaige-changingross-sectiondependingntheprojectileand
targetmassesvith the useof thebeamsof Kr andAg nucleiprojectednto targetsranging
up to U. He hasshawn thatthe partial cross-sectionsaz for fragmentswith chage loss
AZ in therange—20< AZ < —2 follow the power law 0:(AZ) ¢, whereg is the enegy
dependenéxponentobtainedirom thefit to the data.They have pointedoutthatat higher
enegieslargernumberof fragmentsare producedpr breakupof subfragmentincreases,
while openingof channeldor theproductionof new fragmentds notobsened.Hencethe
thresholdenepy of thelimiting fragmentatiorphenomenéasyetto beexplored.

The VG13 phosphate-glagsassie detectorshave beenusedby Westphalet al. [14]
with Ho- andU-beamstakingtheglassandU asthetarmets to investigatehechagepick-
upcross-sectiond hey estimatedhechagepick-upcrosssectiongpernucleonneglecting
thetargetdependencéBut whentheir resultis multiplied by thenucleonnumberto getthe
actualcross-sectioffior a particulartarget, the resultis muchlower thanthe oneobtained
directly from experimentsusingthe sametarget. They have explainedthat suchreduced
cross-sectionappeato bedueto thefissionphenomenin targetatoms.

In thepresentvork, we haveirradiateda stackof 10 CR39(DOP plasticplates(eachof
athicknessf 450um) with a2 cmthick Al tamgetby 0.927GeV/n U-ionsfrom LBL BE-
VALA C. We adoptedheslow-etchingtechniqueof the plasticsheetsThemeasurediam-
eterdistribution of theelliptic etchpit mouthshasbeenanalysedo find theheavy-fragment
distribution. Attention hasbeenpaidto explore the chaige pick-up phenomenaT he esti-
matedfragmentatiorcross-sectioneave beencomparedwvith the resultsof Townsendet
al.[18].

2. Theexperiment

The compactarrangementonsistingof a 2 cm thick 2’Al targetof 5 cm x 5 cm area
in contactwith tensheetof CR39,0f thicknessA50um each,placedabore, andfive such
sheetof similar areaplacedbelow the target. In May 1990, the stackwasirradiatedby
927 MeV/n 2%y diffuse beamfrom LBL BEVALAC of a fluenceof 5125 U-ions per
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cn?, atanincidentangleof 30°. Theplateswereetchedn 6.25N NaOHaqueousolution
at 7¢° C for 29 hours. The etchingwas interruptedfrom time to time to replenishthe
NaOHsolution,with theaim to maintaina constantoncentrationandalsofor theoptical
checkingof the quality of thetracksin the plastics.

Thebulk etchratevg hasbeenfoundto be 1.36 um/hr, afteraccountingor thelossof
thicknessof the plasticmaterialdueto the chemicaletching.This valuewasconfirmedby
weighingof the sheetdeforeandafteretching.

Whena highly ionizing particle with a chage Z andvelocity B¢ passeghroughthe
nonconductingnateriallike plastics,latenttracksare produced.Consequentlydamages
appearin the polymerbondsdueto the enegy depositionby the projectile. During the
chemicatreatmentthelatenttracksareenlagedby theremoval of material preferentially
alongthetrajectoryof theparticle, Theconeshapedtchpitsdevelopatthesurfaceopening
of thetrack. The geometryof the etchpit is a measuref theionizationrate,andit allows
thedeterminatiorof Z/ of theionizing particle. Thediameterf the etchpits have been
measuredby a Leitz Ortholux Optical Microscopewith afilar micrometereye piece x25
anddry objective x 24. The smallestvalueof our diametemrmeasurementsasbeenfound
to be0.3um.

3. Resultsaanddiscussion

About4200minor axesof theelliptic conescreatecby 238U-projectilesandtheir frag-
ments(and by etching) have beenmeasuredn both surfacesof plasticsbelov the Al
tamget. The averagevaluesof the minor axesareshown in the histogramdisplayedn Fig.
1. Thechageresolutionof themethodhasheenestimatedrom the averageof the etchpit
diametersobtainedrom both-sidemeasuremen&ndfoundto beoq = 1 e. Suchachage
resolutionis inadequatdor the explorationof nuclearfragmentswith a fractionalchage,
but the nuclearfragmentswith integral chaigesareclearlyresohedwith themeasurement
of the etchpits on both sidesof the plastics.In principle, the etch-pitareasncreasewith
increasingon chages[19]. Measuremenof the areaof the etchpits is, therefore,used
to estimatethe chaige of the fragments.The U-beamincidenton the stackhadanenegy
of 927 MeV/n, but it loosesenegy in 450Qum of plastic. The surviving U-nuclei had
enegiesof about0.915GeV/n and0.775GeV/n at the top andbottomof the Al target,
respectiely. The unfragmentediucleileaving the Al target were detectedn the plastic
sheetandtheir Z/3 was derived andfound to be 109.95for = 0.84. The U-ions were
fully strippedandthe detectecchagesareindicatedby arrowsin Fig. 1. Thesmallpeaks
to the left of the largestone are due to the fragmented-Upeaks(lower-chage nuclei).
The Gaussiariit to the obsened peaksof the cone-lengttdistribution is displayedn Fig.
1. It mapsthe etch-pitminor axesinto incidentprojectilesof chage Z = 92, fragmented
incidentprojectilesdown to 88 (Ra) andpick-up nucleiwith Z = 93. The numbersof un-
fragmentedU), fragmentedRa, Ac, Th, Pa) andchage pick-up nuclei (Np) have been
estimatedrom the Gaussiariits to the etch-pitminor axesdistribution displayedn Fig. 1.
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Fig. 1. Histogramof minoraxesof etchpitsasmeasuredy thel eitz Ortholuxmicroscope.
The uraniumpeakand the peaksdue to the fragmentsare marked by arrovs and their
respectie chages. The curvesdravn in the histogramshav the Gaussiarfits that were
usedfor determinatiorof numberf eventsfrom variouschages.

Thetargetthicknesswas5.4 g/cn? which is smallerthanthe mean-fregoathof U in
Al (21.53g/cn?) calculatedrom the nuclearsizesobtainedfrom the electronscattering
experimentd20]. Neglectingthe doublefragmentatiorprocessn thetarget,onecanesti-
matethe chage-changingross-sectionasingthe standardormulationof Cecchinietal.
[21]:

onz(Z,Z1) = %In(l— Ne /N5 (1)

oaz(Zi,Zy) is thepartialfragmentatiorcross-sectioin Al targetfor reactionsnitiated by
a U-ion of chage z; into a fragmentof chage Zs, At = 27 is thetargetmassnumber Np
is the Avogadros number p = 2.7 g/cn? is the tamgetdensity tamgetthicknesswast = 2
cm,Ns isthenumberof fragmentof chageZs, N; is thetotal numberof primarynucleiof
chagez; reachingheplasticsheetafterpassingheAl target. Table1 shavstheobsened
parameter®btainedfrom Gaussiarfits asderived from Fig. 1. By the adoptionof inter-
actionparameterfrom Table1, andusingrelation(3), thechage-changindgragmentation
cross-sectionfor chageshetweerB8 and91 have beencalculatedThey areshovnin Ta-
blel. In Table2, we have shavn our derivedresultsfor thechage-changingross-sections
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from abrasion-ablatiomodelof Wilson et al. [18], alongwith our earlierresultsobtained
from cone-lengtimeasurementdn Table2, we alsocomparethe presentresultwith the

extrapolatedesultsfrom the dataof Binnsetal. [1] It maybe pointedoutthatthe present
slow-etchingdataon minor axesagreesatishctorily with our earlierresultsobtainedrom

thecone-lengtmeasuremen{d.0].

TABLE 1. Numbersof eventsusedfor the evaluationof the obsered fragmentatiorand
chage pick-up cross-sections 238U++27Al interactionsat 0.845:0.070GeV/, obtained
from 4200etch-pitminoraxesmeasurementa CR39sheetkeptbelov the2 cmAl tamet.
Zs andZzy, denoteheelementsl; is thenumberof unfragmentediucleithatemegedfrom
thetarget,N; is the numberof fragmentecbeamnucleithatemegedfrom thetarget,and
oaz(Zi,Zs) is thechage-changingross-sectiofin unitsof 1031 m?).

lon| ZyorZs | Ni | Nt | oaz(Zi,Z5)
U g =92 | 3726

Pa 91 189 | 438432

Th 90 123 | 285+26

Ac 89 81 188+ 21

Ra 88 63 146418

Np| 93 18 | 42+10

TABLE 2. The estimatecthage-changingross-sectionsz (in unitsof 10731 m?), ob-
tainedin the preseninvestigatiorandin earlierwork.

Fragment| Fromminor | Fromcone | Calculated| Fromthe
chage axesdata length fromthe | extrapolated

Zr PresentWork | data[10] | model[18] | results[1]
88 146418
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 foundthatthe chagepick-uppeakis well separateifom the mainbeam
peak(Z = 92). The estimatecchage pick-up cross-sectiomasbeencalculatedrom the
corventionalrelation:

Ng3A

P Npeamapx

2

whereNgg3 is the numberof chage pick-up events Npoqmis the numberof unfragmented
beamparticlesexiting thex =2 cm Al target. Theestimatedchaige pick-upcross-section
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is found to be (424 10) x 10-3! m? andthis valueis much lower than our short-hour
etchingresults(62+ 7) x 10731 m?. Guoxiaoet al. [6] have given a peripheralscaling
formulaonthe basisof the obseredchagepick-upcross-sectionandtheresultis:

—4,p1/3 1/3
Onz=+1=17x 10 4(Atz/arget+ Ab/eam_ 1)Aéeam 3

TakingAprojectile: 238andAtgyet= 27,andusingtherelation[3], thechagepick-
up cross-sectiolwaz—+1 hasbeenestimatedrom the scalinglaw andfoundto be 78.93 x
10-31 m2. The predictedchage pick-up cross-sectiorfrom scaling(osca"nd is found

to be 78.93x 10-3!m?, whereashe obsenedone (044 is 42x 1031 m2. Usingthese
results the probabilityfor fissionp hasbeenestimatedait 0.47.The obsenedchage pick-
up cross-sectiofior Np (Z = 93) formationdecreasedueto fissionphenomena.
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TESKI FRAGMENTI NASTALI U RELATIVISTICKIM SUDARIMA
238U + 27A|

Snopomionauranaenegije 927 MeV/n dobivenomiz LBL BEVALA C ozr&ili smostog
plasttnih detektoraCR39(DOP) podkutomod 30°, radi proucavanjateSkih fragmenata

reakcijaizmjenenaboja.Za oko 4200rupicanastalihprolazombrzih teSkih ionai jetkan-
jem plastEnih detektoranaCinili smo mjerenjapromjera.Kako su promijeri rupica veci

zaione veteg naboja,mogli su se odrediti brojevi dogadajeod uranwih iona koji nisu

promijenili naboj,te od fragmenata manjim nabojem(Z; od 88 do 91)i s vetim nabo-
jem (Z; = 93). Odredenisu udarnipresjecizate procesd usporedensu sarezultatima
premamodeluTownsenda suradnikaRezultatzaudarnipresjekzaAZ = +1 je manji od

otekivanogpremamjerilnomzakonuGuoxiai suradnika.
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