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The excitation functionsof 13°Th[(a,n), (2,3n), (@,4n), (o,a3n) reactionswere measured
using stacled foil activation techniqgueand HPGe gammaray spectroscop methodup to
50MeV. Theexperimentafresultswerecomparedvith thetheoreticapredictionsconsidering
equilibriumaswell aspreequilibriumcontributionsusingcodeALICE/90. It wasfoundthat
theinitial exciton configurationny = 4(4p0h)thatis pureparticlestate, appeardo give good
fit to theexperimentaldata.

PACS: 25.60.Dz

1 Intr oduction

Thereis increasingexperimentakvidencepointingoutto new typesof processethatlie in com-
plexity betweerthe oneshotdirectinteractionandthe mary body compounchucleusprocesses.
In the new perspeciie, it is assumedhatthe projectile-tagetcompositesystemis characterised
by a few degreesof freedomof the first interactionand passeshrougha seriesof intermediate
stagesof increasingcompleity, and reacheghe final stageof a compoundnucleushaving a
statisticalequilibriumwith alarge numberof degreesof freedom.

In orderto explainthe physicsof nuclearequilibration,several semiclassicapreequilibrium
reactionmodelshave beendevelopedto explain awide rangeof chagedparticlespectraandex-
citationfunctionsinducedby alphaparticlesin the enegy region of 20-200MeV. Most of these
modelsutilise oneway or anotherthe two basicconceptslevelopedin the IntranucleaiCascade
(INC) Model of Goldbeger[1] andthe StatisticalModel of IntermediateStructure(SMIS) first
proposedy Griffin [2]. As aresult,anumberof formulationsthe hybrid model[3], the exciton
model[4] and mary othermodels[5,6,7] have emegedas descendentsf Griffin's statistical
modelof intermediatestructure which is alsolooselycalledasGriffin’s “exciton model”. Thus
in recentyears therehave beenfar reachingmprovementsn the semiclassicainodelsandthey
areoften usedfor makingcomparisorwith experimentalresults,on accountof their simplicity
andtranspareng Not only thevalidity of thesemodelshave beenextendedupto afew hundreds
of MeV in excitation, but alsothe importantinfluenceof multiparticle emissionin the preequi-
librium modehave beenincorporatednto the modelframework. Blann[3],whois continuously
improving his computercodebasedon hybrid model,in 1984, introducednew algorithmsinto
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thecodeALICE/85/300[8] to calculatethe preequilibriummultinucleonemissionn anapproxi-
mateway. Lateron, Katariaetal [9] have incorporateda shelldependenievel densityformulaof
Kataria,RamamurthyandKapoor[10] into the above code,which takesinto accounthe effect
of nuclearshell structureon level densitiesof residualnuclei. This modifiedcodeis known as
ALICE/90 [9].

Terbiumis a typical monoisotopicelementbelongingto rareearthgroup. The study of ex-
citation functionsfor (a,xn) reactionson terbium gives information aboutthe preequilibrium
reactionmechanismin theregion of excitationenegy betweer?20-50MeV, graduallythe pree-
quilibrium reactionmechanisnpredominatesver the compoundiucleusmode. It is important
to assestheinfluenceof preequilibriumemissionmoreandmoreexperimentaldataareneeded.
With this motivation, the presentwork is undertalento studythe excitation functionsof four
reactiongnducedby alphaparticleson 15°Th up to 50 MeV.

2 Experimental details

The excitation functionsfor alphaparticle inducedreactionson terbium were studiedby the
stacledfoil activationtechniqueandHigh Purity Germanium(HPGe)gammaray spectroscop
method. Spectroscopicallypure (99.99%)terbiumfoils of thickness20.6 mg/cn? wereusedas
the target. The sampleswere cut into piecesof 1.2 x 1.2 cn? eachandglued on aluminium
frameof size3.0 x 2.5cm? having acircularholeof diamete8mmin its centre. Thealuminium
foils of varyingthicknesswverealsoinsertedn the stack,which actsasenegy degraders As the
beampasseshroughthe successie foils of the stack,the alphabeamloosesits enegy but not
the intensity Henceeachexperimentalfoil seeseffectively a beamof differentenegy falling
onit. Theenepgy of the alphabeamafterthey hadtraversedhalf the thicknessof eachfoil was
computedrom therange-enagy tables[11].

The irradiationswere carriedout at Variable Enegy Cyclotron Centre(VECC), Calcutta,
India. The beamspoton the foil stackwas restrictedto 5.00 mm by a centralhole in a 6.00
mm thick tantalumcollimator placedin front of the stack. The alphabeamweretotally stopped
in the electricallyinsulatedrradiationheadservingasakind of FaradayCup,wheresecondary
electronswere preventedfrom escaping12,13]. The total thicknessof the stackwas chosen
to be definitely lessthanthe rangeof the alphaparticle beamin the materialsof the stack. A
beamcurrentof the orderof 200nA wasused. During theirradiation,alow conductvity water
(LCW) is circulatedthroughspeciallydesignedet assemblywhich cooledboth the flangeas
well asthe stack. Theincidentalphaparticleflux wascalculatedby measuringhe actiities of
27Al (a,a2pnP*Na, for which well measureatrosssectionsare availablein the literature[14].
Thechagecollectedin the FaradayCupwasalsousedto calculatethe averagencidenta-beam
flux. In general,the two valuesagreedwithin 5%. The actvities producedin eachfoil were
measuredisinga 120 cc HPGedetector having a resolutionof 2.0 keV for 1332keV photons,
in conjunctionwith a 4096 channelanultichannelanalyser The residualnucleiwereidentified
andtheir yields measuredisingtheir characteristigammarays mentionedn Tablel [15]. In
generalseveralgammaraysarisingfrom the sameresidualnucleushave beenidentified.

The deadtime for countinghasbeenkept lessthan 5% by adjustingthe sample-detector
distancein this measuremerdndpropercarehasbeentakenin the calculations.As a ckeckin
somecasestherelative intensitiesof theidentifiedgammarayswerealsomeasure@dndfoundto
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Tablel. Nucleardatausedfor identificationof residualnuclei[15].

REACTION Q-VALUE (MeV) T/ | Ey (keV) | 6, (%)
59Th(,n) "> Ho 9.4 68m 185 29.0
283 14.5
937 13.8
159Tph(a,n)%2Ho 9.1 15m 81 7.7
1319 3.7
159Tph(a,3n) 0 Ho -24.9 5.02h 728 29.7
962 17.6
966 16.2
159Th(a,3n)'*°Ho -24.99 26m 728 29.7
962 17.6
966 16.2
T59Th(,4n) Ho -32.0 33m 121 34.0
132 22.7
253 14.0
310 14.4
159Th(a,a3n)*° Th -23.6 5.4d 199 41.8
534 66.2
1222 31.7

Monitor Reaction
2T Al o, 02pnf*Na -31.4 15.05h 1369 | 100.0

agreewell with theliteraturevalueg[15]. Thecrosssectionsveredeterminedrom theobsened
intensitiesof the variousgammarays originating from the sameresidualnucleusand finally
theirweightedaveragewastaken. The enegy calibrationandthe efficiency of thedetectomwere
determinedvith a'52Eustandardource Theformulausedfor thedeterminatiorof crosssection
wasreportedn our earlierpaper16].

3 Resultsand discussion

3.1 Experimental errors

The overall errorsin the presentlymeasurectrosssectionsare subdvidedin to the following
catgyories.

(i) In orderto estimatethe numberof nucleiin the sampleandto checkthe thicknessand
uniformity of the sample,piecesof samplefoils of differentdimensionsvereweighted
on an electronicmicrobalanceandthe thicknessof eachfoil was calculated. This non-
uniformity in thefoil thicknesdntroducesl to 2% error(d,).

(i) Variationin theincidenta-particleflux introducessomeuncertaintyin thefinal calculation
of the crosssections.In the presenexperimentthe standardnonitor crosssectionswere
takenfrom literature[14] in theflux determinationThisintroducesanoverall errorof 6%

(02).
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(i) Thecalculateddetectiorefficiency maybeinaccuratewing to theuncertaintyin thespec-
troscopicdataof the standardsourceandthestatisticalerrorsin thecounts.No corrections
wereappliedfor theuncertaintyin the spectroscopidata.However, the statisticalerrorin
the countingof the standard'®2Eu gammasourceusedfor the efficiengy calculationwas
estimatedo bearound3-4%(d3).

(iv) The deadtime in the pulseprocessingelectronicseadto a lossof counts. The sample-
detectordistancewassuitablyadjustedo keepthe deadtime low (<5%) andcorrections
for it whereappliedaccordinglyin the countingrates. However, the error introducedin
the determinationof photopeakareasof the characteristigammarays were within the
limits of 1 to 4% in the bestandworstcasegd,). Thereforethetotal absoluteerrorin the
measuredrosssectionis

andfoundto vary betweenv to 9% for the bestandtheworstcasesTheabove mentioned
errorsin themeasuremerntf experimentalkcrosssectionsdo notincludethe uncertaintyof

the nucleardata(e.g. half livesof residualnuclei, branchingratio etc.) that weretaken

from thetableof isotopeq15].

Otherfactorswhich mayinfluencethe crosssectionmeasurementsreasfollows:
(i) In theirradiationexperimenttheinitial beamenegy wasdegradeddown to around20 MeV.
As the a-beamtraverseghe stackmaterial theinitial beamintensitymaybe disturbed.

This decreasén beamintensityintroducecertainerrors. The beamintensitydecreaseasa
functionof thetraversedoil thicknesdn a stackaccordingto the expressior12]

I = Iyexp(—oNy)

wherel is theflux on thefirst foil , I is the flux on thelastfail, o is the total reactioncross
sectionand N, is the numberof nucleiperunit areawith referenceo the entirethicknessof the
stack. For the experimentalfoil stack, N, is givenby sumof thethicknesse®f thefoils of the
targetelement(T), aluminiumdegradersandmonitor, i.e. Ny = Nt + N,. For 0=2 barnsthe
maximumbeamlossatthe endof the stackis alwayslessthan0.3%andhenceit is neglected.
(i) Stragglingeffect introducessomeerrorsbut are neglectedbecausdor alphaparticles,the
enegy stragglingat the end of the stackis always muchsmallerthanthe enegy of the beam
in the targetfoil itself. It waspointedout by Ernstet al [12] thata large numberof low enegy
neutronsmay be releasedasthe beamtraverseshroughthe stackof foils andthis in turn may
disturb the yield mainly through(n,p), (n,«) reactions. However, this disturbedyield is also
negligible.

3.2 Excitation functions for a-induced reactionon Terbium

Themeasuredrosssectiondor thereactions  *°Tb(a,n)'%2™Ho, 159Th(a,3n)60mHo,
19T h(a,,4n)*Ho and % Th(a,a:3n)!*¢Th have beenlistedin Tablell. The 1%2Ho residualnu-
cleusproducedhroughTb (a,n) reactionexistsin two states.The metastabletate(T, ,,=68m)



Preequilibriumdecayin alphaparticleinducedreactionsn Terbium 275

Tablell. Crosssectionf the a-inducedreactionson > Th.

Reaction B9Th(a,n) 59Th(w,3n) B9Th(a,4n) | °°Tb(a,a3n)
ProductNucleus 162Hgo T60Hg T59Hg 55Th
ThresholdEnegy 9.4 255 32.8 241
(MeV)

Fu (MeV)  (mb)  (mb) & (mb)  (mb)

155+ 1.5 16.8 +1.1

215+ 1.7 38.5 £ 2.7

271+ 1.1 16.6 £ 1.2 119.9 £ 8.1

31.5+0.9 10.3£0.8 | 10454 +71.0

35.5+0.9 7.3+0.5 | 1285.0 +87.3 271+ 1.8

39.4 £+ 0.9 5.3+0.3 633.1 £+ 43.0 485.8 £+ 34.0 1.1£0.0

43.0 £ 0.8 4.5+ 0.3 310.3 £21.1 | 1049.7 £ 71.3 24+0.1

46.4 £ 0.5 3.9+£0.3 203.2 £13.8 | 1195.0 £ 81.2 4.4+£0.3

decaysthroughisomerictransition(61%) to the groundstate(T; ,,=15m) andremaining39%
throughelectroncaptureand 5+ -ray emission.

In thepresentvork, crosssectionsveremeasuredor 162mHoresidualnucleus.Theproduct
nucleus®Ho producedthroughTh(c,3n) reactionexists in two states. The metastablestate
(T, 2=5.02h)decayshroughisomerictransition(65%)andelectroncapturealongwith 3 -decay
(35%). Decayof groundstate(T, ,,=25.6m)is mostly throughelectroncapture(99.6%). We
have measuredhe crosssectionfor 1°™Ho residualnucleusin the presentvork.

The metastablestate'*Ho (T, ,=8.3s)formedin the '**Th(a,4n) '*?Ho reactiondecays
completelythroughisomerictransition(100%)to '5°¢Ho (T, ,=33m). The actvities weremea-
suredafter the completedecayof metastablestatesto the groundstate. 156Th residualnu-
cleusproducedhrough'®®Th(«,a3n) reaction,exists in two isomericstatesof half lives5.0h
(metastablstate)and5.3d(groundstate)respectiely. The metastablestate'>“™Tb (T, /,=5.0h)
decayscompletelythroughisomerictransition(100%)to groundstate®%¢Tb (T, »=5.3d). The
measurementseredoneafterthe completedecayof the metastabletateto the groundstate.

4 Comparisonwith theoretical predictions

The obsenedexcitationfunctionsfor thereactionq«,xn) shav the high enegy tail followedby
the compoundnucleusformation. Therefore the experimentalcrosssectionsnay be compared
with theoreticakxcitationfunctionscalculatedy meanof thestatisticaimodelwith andwithout
theinclusionof pre-equilibriumemissionof particles.We have usedthe codeALICE/90 [9]for
thetheoreticalpredictions.

In the pre-equilibriumpart, the calculationstartswith initial exciton number i.e., particles
above andholesbelon thefermilevel inducedby primaryinteractionandproceedso stateswith
increasingexciton number The emissionprobability of the particlesfor eachof thesestatesare
calculatedandfinally theintegratedspectrayield the crosssectiondor theindividual reactions.

Owing to the semi-classicahature,the hybrid modelinvolvesa large numberof physical
aswell asfew adjustableparameters.The model predictionsof coursedependon the input
valuesgivento theseparametersA shortdescriptionof the optionschoseris givenbelown: The
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nuclearmassesvere calculatedfrom the Myers-Swiateckimassformula [17] consideringthe
liquid dropwith shellcorrectionwithoutpairingi.e. thelevel densitypairingabsorbedn binding
enegies. Theinversecrosssectionswvere calculatedrom optical modelsubroutinencludedin
thecode. A level densityparameten = A/9 MeV ! wasused. In a priori formulationof the
hybrid model,the intra nucleartransitionratesare calculatedeitherfrom the imaginarypart of
the optical model or from the free nucleon- nucleonscatteringcrosssections. However, for
particle enegies exceeding55 MeV the optical model parameter®f Becchettiand Greenless
[18] are no longer applicableand thus at higher enegiesthe meanfree pathfor intra-nuclear
transitionsmustbe calculatedfrom the nucleon- nucleonscatteringcrosssections.The mean
free path multiplier ‘K’ waskept equalto unity. The meanfree path,which is a kind of free
parametemwasintroducedby Blann[19] to accounfor thetransparengof nucleamatterin the
lower densitynuclearperiphery The equilibrium partwascalculatedusing standardMVeisslopf
and Ewing [20] formalism. It is customaryto usethe initial exciton numberng(pohg) asa fit
parameteito matchthe theoreticalpredictionswith experimentallyobsened shapeof spectra
andexcitationfunctions.It governsthe entirecascadingrocesof binarycollisionsandthereby
influenceghe shapeof thehardcomponentn the particlespectrum A goodguesswvould bethe
numberof nucleonsn theprojectileor anadditionalparticle/holeor both[16, 21-23]. This view
is quite consistentith the basicphysicsof preequilibriumphenomenahatonly a few degrees
of freedomis excitedin nuclearreactionsat moderateenegies. For theincidenta-particleused
in thepresentvork, reasonablehoicefor theinitial exciton numberis ng=4(4p0h),ny=5(5p0h),
andny=6(5plh)astheinitial exciton configurationsWe performedhe calculationsusingabove
exciton configurationsandit wasfoundthatny=4(4p0h)givesby far the bestresultsbeyondthe
compoundhucleuspeakthanthe othertwo configurations.The predictionsof np=5(5pOh)and
ne=6(5p1h)configurationsnverelower thanthoseof ny=4(4p0h). This is alsoin agreemenof
findingsof Ernstet al[24], Blann and Komoto[25] Djalaeiset al [26], Michael and Brinkman
[27], Gadioliel al [28].

Figs. 1 and2 show the excitation functionsfor Tb(a,n), Tb(a,3n), Tb(c,4n),and Tb(c,a3n)
reactionswith the theoreticalcalculationsbasedon Weisslopf-Ewing (W.E.) estimategyiving
compoundnucleuscontributionsas well as hybrid model predictions. It is obsened that the
W.E. estimatesaccountedvell the low enegy compoundnucleusdominatedpart of the excita-
tion function but failed to accountfor the obsenedhigh enegy tail at high enegieswherenon
equilibrium effects predominatebeyond a few tensof MeV of bombardingenegy. The high
enegy region of the excitation function is accountedwell by hybrid model predictionsusing
initial exciton configurationng=4(4p0h),i.e. pureparticlestate. Thethresholdenepiesfor the
Tb(a,4n) and Th(a,a:3n) reactionsareratherlarge (i.e. 32.8and24.1 MeV) andassuchthere
areonly a few datapointsin the initial rising part of the experimentalexcitation function. In
this regionthe preequilibriummodelpredictionsarenot very sensitve asthe compouncdhucleus
mechanisndominates.

5 Conclusions

Excitationfunctionsfor Tb[(«,n); («,3n); («,4n); (a,c3n)] reactionsverestudiedup to 50 MeV.
From an overall comparisorbetweenexperimentalresultsandtheoreticalpredictionsbasedon
compounchucleusWeisslopf-Ewing estimatesswell aspreequilibriumhybrid model,onecan
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Fig. 1. Experimentaland theoreticalexcitation functionsof **°Tb(a,n)'*?Ho and *°Tb(a,a3n)'**Th
reactions.

infer that Weisslopf-Ewing estimatesaccountedairly well the low enegy compoundnucleus
dominatedpart of the excitation functionsbut failed to accountthe obsened crosssectionsat
higherenepies,wherenon-equilibriumeffectspredominatdeyonda few tensof MeV of bom-
bardingeneny.

The hybrid model givesa fairly good accountof nucleonemissionwith an initial exciton
numberny=4(4p0Oh),which is separatedn the caseof protonandneutronexcitons(n, andn,
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Fig. 2. Experimentaland theoreticalexcitation functionsof 159Tb(c,3n)!°Ho and 1%° Tb(a,4n)}*°Tb
reactions.

respectrely) above andhole (n,) below thefermilevel, andthebestfit is obtainedwith n, = 2,
n, = 2, andn, = 0 thatis pureparticle state. This pictureis quite consistentith the basic
physicsof preequilibriumdecaythat only a small numberof degreesof freedomare initially
excitedin anuclearreactionat moderateenegies.
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