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The excitation functionsof
�����

Tb[(� ,n), (� ,3n), (� ,4n), (� ,� 3n) reactionswere measured
using stacked foil activation techniqueand HPGegammaray spectroscopy methodup to
50MeV. Theexperimentalresultswerecomparedwith thetheoreticalpredictionsconsidering
equilibriumaswell aspreequilibriumcontributionsusingcodeALICE/90. It wasfoundthat
theinitial excitonconfiguration��� = 4(4p0h)thatis pureparticlestate, appearsto give good
fit to theexperimentaldata.

PACS: 25.60.Dz

1 Intr oduction

Thereis increasingexperimentalevidencepointingout to new typesof processesthatlie in com-
plexity betweentheoneshotdirectinteractionandthemany bodycompoundnucleusprocesses.
In thenew perspective, it is assumedthattheprojectile-targetcompositesystemis characterised
by a few degreesof freedomof thefirst interactionandpassesthrougha seriesof intermediate
stagesof increasingcomplexity, and reachesthe final stageof a compoundnucleushaving a
statisticalequilibriumwith a largenumberof degreesof freedom.

In orderto explain thephysicsof nuclearequilibration,severalsemiclassicalpreequilibrium
reactionmodelshavebeendevelopedto explainawide rangeof chargedparticlespectraandex-
citationfunctionsinducedby alphaparticlesin theenergy region of 20-200MeV. Most of these
modelsutilise oneway or anotherthetwo basicconceptsdevelopedin theIntranuclearCascade
(INC) Model of Goldberger[1] andtheStatisticalModel of IntermediateStructure(SMIS) first
proposedby Griffin [2]. As a result,anumberof formulations,thehybridmodel[3], theexciton
model [4] andmany othermodels[5,6,7] have emergedasdescendentsof Griffin’s statistical
modelof intermediatestructure,which is alsolooselycalledasGriffin’s “exciton model”. Thus
in recentyears,therehavebeenfar reachingimprovementsin thesemiclassicalmodelsandthey
areoftenusedfor makingcomparisonwith experimentalresults,on accountof their simplicity
andtransparency. Not only thevalidity of thesemodelshavebeenextendedupto afew hundreds
of MeV in excitation,but alsothe importantinfluenceof multiparticleemissionin thepreequi-
librium modehavebeenincorporatedinto themodelframework. Blann[3],who is continuously
improving his computercodebasedon hybrid model,in 1984,introducednew algorithmsinto
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thecodeALICE/85/300[8] to calculatethepreequilibriummultinucleonemissionin anapproxi-
mateway. Lateron,Katariaetal [9] haveincorporatedashelldependentlevel densityformulaof
Kataria,RamamurthyandKapoor[10] into theabove code,which takesinto accounttheeffect
of nuclearshell structureon level densitiesof residualnuclei. This modifiedcodeis known as
ALICE/90 [9].

Terbiumis a typical monoisotopicelementbelongingto rareearthgroup. Thestudyof ex-
citation functionsfor ( 
 ,xn) reactionson terbium gives information aboutthe preequilibrium
reactionmechanism.In theregionof excitationenergy between20-50MeV, graduallythepree-
quilibrium reactionmechanismpredominatesover thecompoundnucleusmode.It is important
to assesstheinfluenceof preequilibriumemission,moreandmoreexperimentaldataareneeded.
With this motivation, the presentwork is undertaken to study the excitation functionsof four
reactionsinducedby alphaparticleson ���� Tb up to 50 MeV.

2 Experimental details

The excitation functionsfor alphaparticle inducedreactionson terbium were studiedby the
stackedfoil activationtechniqueandHigh Purity Germanium(HPGe)gammaray spectroscopy
method.Spectroscopicallypure(99.99%)terbiumfoils of thickness20.6mg/cm� wereusedas
the target. The sampleswerecut into piecesof 1.2 � 1.2 cm� eachandgluedon aluminium
frameof size3.0 � 2.5cm� having acircularholeof diameter8mmin its centre.Thealuminium
foils of varyingthicknesswerealsoinsertedin thestack,which actsasenergy degraders.As the
beampassesthroughthe successive foils of thestack,thealphabeamloosesits energy but not
the intensity. Henceeachexperimentalfoil seeseffectively a beamof differentenergy falling
on it. Theenergy of thealphabeamafter they hadtraversedhalf thethicknessof eachfoil was
computedfrom therange-energy tables[11].

The irradiationswere carriedout at VariableEnergy CyclotronCentre(VECC), Calcutta,
India. The beamspoton the foil stackwasrestrictedto 5.00 mm by a centralhole in a 6.00
mm thick tantalumcollimatorplacedin front of thestack.Thealphabeamweretotally stopped
in theelectricallyinsulatedirradiationheadservingasa kind of FaradayCup,wheresecondary
electronswerepreventedfrom escaping[12,13]. The total thicknessof the stackwaschosen
to be definitely lessthanthe rangeof the alphaparticlebeamin the materialsof the stack. A
beamcurrentof theorderof 200nA wasused. During theirradiation,a low conductivity water
(LCW) is circulatedthroughspeciallydesignedjet assembly, which cooledboth the flangeas
well asthestack.Theincidentalphaparticleflux wascalculatedby measuringtheactivities of
��� Al ( 
 , 
 2pn)��� Na, for which well measuredcrosssectionsareavailablein the literature[14].
Thechargecollectedin theFaradayCupwasalsousedto calculatetheaverageincident 
 -beam
flux. In general,the two valuesagreedwithin 5%. The activities producedin eachfoil were
measuredusinga 120cc HPGedetector, having a resolutionof 2.0 keV for 1332keV photons,
in conjunctionwith a 4096channelsmultichannelanalyser. Theresidualnucleiwereidentified
andtheir yields measuredusingtheir characteristicgammaraysmentionedin TableI [15]. In
general,severalgammaraysarisingfrom thesameresidualnucleushavebeenidentified.

The deadtime for countinghasbeenkept lessthan 5% by adjustingthe sample-detector
distancein this measurementandpropercarehasbeentaken in thecalculations.As a ckeck in
somecases,therelativeintensitiesof theidentifiedgammarayswerealsomeasuredandfoundto
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TableI. Nucleardatausedfor identificationof residualnuclei[15].

REACTION Q-VALUE (MeV) T ����� ��� (keV) � � (%)�����
Tb(� ,n)

����� �
Ho -9.4 68m 185 29.0

283 14.5
937 13.8�����

Tb(� ,n)
�����

Ho -9.1 15m 81 7.7
1319 3.7�����

Tb(� ,3n)
��� � � Ho -24.9 5.02h 728 29.7

962 17.6
966 16.2�����

Tb(� ,3n)
��� � Ho -24.99 26m 728 29.7

962 17.6
966 16.2�����

Tb(� ,4n)
�����

Ho -32.0 33m 121 34.0
132 22.7
253 14.0
310 14.4�����

Tb(� ,� 3n)
�����

Tb -23.6 5.4d 199 41.8
534 66.2

1222 31.7
Monitor Reaction��!

Al( � ,� 2pn)
��"

Na -31.4 15.05h 1369 100.0

agreewell with theliteraturevalues[15]. Thecrosssectionsweredeterminedfrom theobserved
intensitiesof the variousgammarays originating from the sameresidualnucleusand finally
theirweightedaveragewastaken.Theenergy calibrationandtheefficiency of thedetectorwere
determinedwith a �#��� Eustandardsource.Theformulausedfor thedeterminationof crosssection
wasreportedin our earlierpaper[16].

3 Resultsand discussion

3.1 Experimental errors

The overall errorsin the presentlymeasuredcrosssectionsaresubdivided in to the following
categories.

(i) In order to estimatethe numberof nuclei in the sampleandto checkthe thicknessand
uniformity of the sample,piecesof samplefoils of differentdimensionswereweighted
on an electronicmicrobalanceandthe thicknessof eachfoil wascalculated.This non-
uniformity in thefoil thicknessintroduces1 to 2%error( $ � ).

(ii) Variationin theincident 
 -particleflux introducessomeuncertaintyin thefinal calculation
of thecrosssections.In thepresentexperimentthestandardmonitorcrosssectionswere
takenfrom literature[14] in theflux determination.This introducesanoverallerrorof 6%
( $ � ).



274 N. L. Singh,M. S.Gadkari

(iii) Thecalculateddetectionefficiency maybeinaccurateowing to theuncertaintyin thespec-
troscopicdataof thestandardsourceandthestatisticalerrorsin thecounts.No corrections
wereappliedfor theuncertaintyin thespectroscopicdata.However, thestatisticalerrorin
thecountingof thestandard�#��� Eu gammasourceusedfor theefficiency calculationwas
estimatedto bearound3-4%( $�% ).

(iv) The deadtime in the pulseprocessingelectronicsleadto a lossof counts. The sample-
detectordistancewassuitablyadjustedto keepthedeadtime low ( & 5%) andcorrections
for it whereappliedaccordinglyin the countingrates. However, the error introducedin
the determinationof photopeakareasof the characteristicgammarayswere within the
limits of 1 to 4% in thebestandworstcases( $ � ). Thereforethetotal absoluteerrorin the
measuredcrosssectionis

�
')( �

* $ '�+ �

andfoundto varybetween7 to 9%for thebestandtheworstcases.Theabovementioned
errorsin themeasurementof experimentalcrosssectionsdonot includetheuncertaintyof
the nucleardata(e.g. half livesof residualnuclei, branchingratio etc.) that weretaken
from thetableof isotopes[15].

Otherfactorswhichmayinfluencethecrosssectionmeasurementsareasfollows :
(i) In theirradiationexperiment,theinitial beamenergy wasdegradeddown to around20 MeV.
As the 
 -beamtraversesthestackmaterial,theinitial beamintensitymaybedisturbed.

This decreasein beamintensityintroducecertainerrors.Thebeamintensitydecreasesasa
functionof thetraversedfoil thicknessin a stackaccordingto theexpression[12]

,.-/,1032�465 *�798;:=< +
where

,10
is the flux on the first foil ,

,
is the flux on the last foil,

8
is the total reactioncross

sectionand
:=<

is thenumberof nucleiperunit areawith referenceto theentirethicknessof the
stack.For theexperimentalfoil stack,

: <
is givenby sumof thethicknessesof thefoils of the

targetelement(T), aluminiumdegradersandmonitor, i.e.
: < - :�>@?A:CB�D

. For
8

=2 barns,the
maximumbeamlossat theendof thestackis alwayslessthan0.3%andhenceit is neglected.
(ii) Stragglingeffect introducessomeerrorsbut areneglectedbecausefor alphaparticles,the
energy stragglingat the endof the stackis alwaysmuchsmallerthanthe energy of the beam
in thetarget foil itself. It waspointedout by Ernstet al [12] thata largenumberof low energy
neutronsmay be releasedasthe beamtraversesthroughthe 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 
 -induced reactionon Terbium

Themeasuredcrosssectionsfor thereactions ���� Tb(
 ,n)�E���F Ho, ���� Tb(
 ,3n)�#E
0
F Ho,

���� Tb(
 ,4n)���� Ho and ���� Tb(
 , 
 3n)�#��E Tb have beenlisted in TableII. The �E�� Ho residualnu-
cleusproducedthroughTb ( 
 ,n) reactionexistsin two states.Themetastablestate(T � G�� =68m)
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TableII. Crosssectionsof the � -inducedreactionson
�����

Tb.

Reaction
�����

Tb(� ,n)
�����

Tb(� ,3n)
�����

Tb(� ,4n)
�����

Tb(� ,� 3n)
ProductNucleus

�����
Ho

��� � Ho
�����

Ho
�����

Tb
ThresholdEnergy 9.4 25.5 32.8 24.1

(MeV)�9H (MeV) I (mb) I (mb) I (mb) I (mb)J1KMLNKPOQJRLNK JRSRLNTUOVJMLNJ
W1JMLNKPOQJRLNX YRTRLNKUOVWMLNX
W1XMLNJPOQJRLNJ JRSRLNSUOVJMLNW JRJ1ZMLNZ[O\TRLNJ
Y1JMLNKPO^]_LNZ J�]_LNYUO`]aLNT J�]RbcKML bdOVXRJRL ]
Y1KMLNKPO^]_LNZ XRLNYUO`]aLNK J1WRT1KML ]dOVTRXRLNY W1XMLNJPOeJMLNT
Y1ZML b=O^]_LNZ KRLNYUO`]aLNY SRY1YMLNJ[O`b_YRL ] bcTRKMLNTUOQY�baL ] JMLNJPOf]aL ]
bcYML ]=O^]_LNT b_LNKUO`]aLNY YRJ�]aLNY[OVWRJRLNJ J�]1b_ZMLNXUOQX1JMLNY WML b=Of]aLNJ
bcSML b=O^]_LNK YRLNZUO`]aLNY W�]cYMLNW[OVJRYRLNT JRJ1ZRKML ]9OQT1JMLNW baL b=Of]aLNY

decaysthroughisomerictransition(61%) to the groundstate(T ��G�� =15m) andremaining39%
throughelectroncaptureandgih -rayemission.

In thepresentwork, crosssectionsweremeasuredfor 162mHoresidualnucleus.Theproduct
nucleus �#E

0
Ho producedthroughTb(
 ,3n) reactionexists in two states. The metastablestate

(T � G�� =5.02h)decaysthroughisomerictransition(65%)andelectroncapturealongwithg h -decay
(35%). Decayof groundstate(T � G�� =25.6m)is mostly throughelectroncapture(99.6%). We
havemeasuredthecrosssectionfor �E

0
F Ho residualnucleusin thepresentwork.

Themetastablestate �#����F Ho (T � G�� =8.3s)formedin the ���� Tb(
 ,4n) �#��� Ho reactiondecays
completelythroughisomerictransition(100%)to �����j Ho (T ��G�� =33m).Theactivitiesweremea-
suredafter the completedecayof metastablestatesto the groundstate. 156Tb residualnu-
cleusproducedthrough ���� Tb(
 , 
 3n) reaction,exists in two isomericstatesof half lives5.0h
(metastablestate)and5.3d(groundstate)respectively. Themetastablestate���E�F Tb (T � G�� =5.0h)
decayscompletelythroughisomerictransition(100%)to groundstate���E�j Tb (T � G�� =5.3d).The
measurementsweredoneafterthecompletedecayof themetastablestateto thegroundstate.

4 Comparisonwith theoretical predictions

Theobservedexcitationfunctionsfor thereactions( 
 ,xn) show thehighenergy tail followedby
thecompoundnucleusformation. Therefore,theexperimentalcrosssectionsmaybecompared
with theoreticalexcitationfunctionscalculatedbymeansof thestatisticalmodelwith andwithout
theinclusionof pre-equilibriumemissionof particles.We have usedthecodeALICE/90 [9]for
thetheoreticalpredictions.

In the pre-equilibriumpart, the calculationstartswith initial exciton number, i.e., particles
aboveandholesbelow thefermi level inducedby primaryinteractionandproceedsto stateswith
increasingexciton number. Theemissionprobabilityof theparticlesfor eachof thesestatesare
calculatedandfinally theintegratedspectrayield thecrosssectionsfor theindividual reactions.

Owing to the semi-classicalnature,the hybrid model involvesa large numberof physical
as well as few adjustableparameters.The model predictionsof coursedependon the input
valuesgivento theseparameters.A shortdescriptionof theoptionschosenis givenbelow: The
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nuclearmasseswerecalculatedfrom the Myers-Swiateckimassformula [17] consideringthe
liquid dropwith shellcorrectionwithoutpairingi.e. thelevel densitypairingabsorbedin binding
energies. The inversecrosssectionswerecalculatedfrom opticalmodelsubroutineincludedin
thecode.A level densityparameterk -mlCnpo

MeV qr� wasused.In a priori formulationof the
hybrid model,the intra nucleartransitionratesarecalculatedeitherfrom the imaginarypartof
the optical modelor from the free nucleon- nucleonscatteringcrosssections. However, for
particleenergiesexceeding55 MeV the optical modelparametersof BecchettiandGreenless
[18] areno longerapplicableand thusat higherenergiesthe meanfree path for intra-nuclear
transitionsmustbe calculatedfrom the nucleon- nucleonscatteringcrosssections.The mean
free pathmultiplier ‘K’ waskept equalto unity. The meanfree path,which is a kind of free
parameter, wasintroducedby Blann[19] to accountfor thetransparency of nuclearmatterin the
lower densitynuclearperiphery. TheequilibriumpartwascalculatedusingstandardWeisskopf
andEwing [20] formalism. It is customaryto usethe initial exciton numbern

0
(p

0
h
0
) asa fit

parameterto matchthe theoreticalpredictionswith experimentallyobserved shapeof spectra
andexcitationfunctions.It governstheentirecascadingprocessof binarycollisionsandthereby
influencestheshapeof thehardcomponentin theparticlespectrum.A goodguesswould bethe
numberof nucleonsin theprojectileor anadditionalparticle/holeor both[16, 21-23].Thisview
is quiteconsistentwith thebasicphysicsof preequilibriumphenomenathatonly a few degrees
of freedomis excitedin nuclearreactionsat moderateenergies.For theincident 
 -particleused
in thepresentwork, reasonablechoicefor theinitial excitonnumberis n

0
=4(4p0h),n

0
=5(5p0h),

andn
0
=6(5p1h)astheinitial excitonconfigurations.We performedthecalculationsusingabove

exciton configurationsandit wasfoundthatn
0
=4(4p0h)givesby far thebestresultsbeyondthe

compoundnucleuspeakthanthe othertwo configurations.Thepredictionsof n
0
=5(5p0h)and

n
0
=6(5p1h)configurationswerelower thanthoseof n

0
=4(4p0h). This is alsoin agreementof

findingsof Ernstet al[24], Blann andKomoto[25]Djalaeiset al [26], Michael andBrinkman
[27] , Gadioli el al [28].

Figs.1 and2 show theexcitationfunctionsfor Tb(
 ,n),Tb(
 ,3n),Tb(
 ,4n),andTb( 
 , 
 3n)
reactionswith the theoreticalcalculationsbasedon Weisskopf-Ewing (W.E.) estimatesgiving
compoundnucleuscontributionsas well ashybrid model predictions. It is observed that the
W.E. estimatesaccountedwell the low energy compoundnucleusdominatedpartof theexcita-
tion functionbut failed to accountfor theobservedhigh energy tail at high energieswherenon
equilibrium effectspredominatebeyond a few tensof MeV of bombardingenergy. The high
energy region of the excitation function is accountedwell by hybrid model predictionsusing
initial exciton configurationn

0
=4(4p0h),i.e. pureparticlestate.Thethresholdenergiesfor the

Tb( 
 ,4n) andTb(
 , 
 3n) reactionsareratherlarge (i.e. 32.8and24.1MeV) andassuchthere
areonly a few datapoints in the initial rising part of the experimentalexcitation function. In
this region thepreequilibriummodelpredictionsarenot verysensitiveasthecompoundnucleus
mechanismdominates.

5 Conclusions

Excitationfunctionsfor Tb[( 
 ,n); ( 
 ,3n);( 
 ,4n);( 
 , 
 3n)] reactionswerestudiedupto 50MeV.
Fromanoverall comparisonbetweenexperimentalresultsandtheoreticalpredictionsbasedon
compoundnucleusWeisskopf-Ewingestimatesaswell aspreequilibriumhybridmodel,onecan
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Fig. 1. Experimentaland theoreticalexcitation functionsof
�����

Tb(� ,n)
�����

Ho and
�����

Tb(� ,� 3n)
�����

Tb
reactions.

infer that Weisskopf-Ewing estimatesaccountedfairly well the low energy compoundnucleus
dominatedpart of the excitation functionsbut failed to accountthe observed crosssectionsat
higherenergies,wherenon-equilibriumeffectspredominatebeyonda few tensof MeV of bom-
bardingenergy.

The hybrid modelgivesa fairly goodaccountof nucleonemissionwith an initial exciton
numbern

0
=4(4p0h),which is separatedin the caseof protonandneutronexcitons(ns andnt
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Fig. 2. Experimentaland theoreticalexcitation functionsof
�����

Tb(� ,3n)
��� � Ho and

�����
Tb(� ,4n)

�����
Tb

reactions.

respectively) aboveandhole(nu ) below thefermi level, andthebestfit is obtainedwith ns -wv
,

nt -xv
, andnu -xy

that is pureparticlestate. This picture is quite consistentwith the basic
physicsof preequilibriumdecaythat only a small numberof degreesof freedomare initially
excitedin a nuclearreactionat moderateenergies.
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