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The(n,2n)reactioncross-sectioralculationgor someneighbordeformedargetnucleihave
beenmadein the region of rare-earthelementshetween8 and 24 MeV incidentenegy. In
thecalculationsthegeometrydependentybrid modelandthe exciton modelhave beenused
including the effectsof pre-equilibrium. Pre-equilibriumdirect effects have beenexamined
usingfull exciton model. The measureaross-sectionaretakenfrom literatures.The cross-
sectionsverecalculatedusingothersemi-empiricaformulasfor theincomingenegieswhich
satisfytheconditionUr = En + Qn.2n = 6 1 MeV. The obtainedresultswerediscussed
andcomparedvith the availableexperimentaldata,andfoundto bewell in agreement.

PACS: 27.70.+q, 24.10.-1

1 Intr oduction

Applicationsof statisticalandthermodynamicaiethodsfor heavy nucleigo backto the funda-
mentalworks of Bohr [1] andFrenlel [2]. Bohr suggestedhat collision of fastneutronswith
heary nucleileadsto theformationof compoundsystemswhich arecharacterizeavith relative
stability. Dueto the densepackingof nucleonghe enegy exchangebetweerthe nuclearparti-
clesbecomesssential Frenlel put theideaof neutronevaporationforwardfor the calculation
of neutronemissionprobability from a compoundnucleus. Further the knowledgeof (n,2n)
cross-sections quite essentialn the reactortechnologyas a signi cant portion of the ssion
neutronspectrumwhich lies above the thresholdof (n,2n) reactionfor mostof the reactorma-
terials. It hasbeenestablishedhat pre-equilibriumprocesseplay animportantrole in nuclear
reactiongnducedby light projectileswith incidentenegiesabove about10 MeV. Startingwith
theintroductionof exciton model[3] by Grif n in 1966,a seriesof semiclassicaimodels[4,5]
of varying compleities have beendevelopedfor calculatingand evaluatingparticle emissions
in the continuum.It wasalsoshavn thatwith somefreedomin the choiceof parametershese
modelscould give reasonablet to the obsened enegy and angulardistributions of the emit-
ted particles.More recently researcherbave formulatedseveral quantum—mechanicataction
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theoried6,7] thatarebasedon multi-stepconceptsandin which statisticalevaporationat lower
enepgiesis connectedo directreactionsathigherenepies.

The characteof the nucleardeformationcanbe seenin the massregions150< A < 190
andA > 220 which correspondespectiely to the rare-earttandactinideelements.In these
regions,theenegiesof the rst excitedstatesaresmallerthanthoseof othernucleiandthey have
largevaluesof quadrupolenomentsassuchnucleiarefar away from closed-shelton gurations
[8,9]. The knowledgeof thesecross-sectionshouldbe usefulfor studyingthe accurag of the
statisticaimodelin describinghe(n,2n)reactiononnucleiwhicharedeformedand/ofie off the
stability line. In presenpaper by usingequilibriumandpre-equilibriumreactionmechanisms,
the(n,2n)cross-sectionaluesfor someneighbordeformedargetnucleibetweer8 and24 MeV
incidentenegy in theregion of rare-eartlelementhave beencalculatedandcomparedvith the
experimentaresults.

2 Exciton model

Equilibrium emissionis calculatedaccordingto Weisslopf-Ewing (WE) model[10] by neglect-
ing angularmomentum.In the evaporation the basicparametersre binding enegies,inverse
reactioncross-sectionthe pairing andthe level-densityparametersThe reactioncross-section
for theincidentchannel andexit channeb canbewritten as

\aA[/)E = ab(Einc)Lbo; (1)
b °
whereEi.. istheincidentenegy. In Eqg.(1), p canbealsoexpresseds
H1(U),
'i(E)’

whereU, , S, {)“" arethe excitation enegy of the residualnucleus,the reducedmass,the
spin, andthe inversereactioncross-sectioniespectiely. The total single-particldevel density
is takenas,
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whereE, D, andg arethe excitationenegy of thecompounchucleusthepairingenegy, andthe
singleparticlelevel density respectiely.

The exciton modelusesa uni ed modelbasedn the solutionof the masterequation11] in
theform proposedy Cline [12] andRibanslky etal. [13]. Integratingthe masterequationover
time,

gnt=0) = *(E;n+2) (n+2)+ (E;n 2) (n 2 3)
[ *(E;n)+  (Ein)+ W (E;n)] (n);
whereq(n;t = 0) is the initial conditionon the process. (n) is the solution of the master

equationwhich representshe time during which the systemremainsin a stateof n excitons.
The *(E;n)and (E;n) aretheinternaltransitionratesandthe useof masterequation(3),
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which includesboththe probabilitiesof transitionto equilibrium * (E; n) andprobabilitiesof
returnto lesscomplex stage (E;n). W (E;n) is the emissionrate for a statewith an n-
exciton con guration. Expressiongormally identicalto the conventionalWeisslopf 's onesfor
the evaporationfrom the compounchucleusarethusobtained with the only differencederiving
from the introductionof the densitiesof particle (p) andhole (h) states.In orderto solve the
systemof algebraicequationq3), it wasusedthe algorithmproposedy Akkermansetal. [14],
which givesanaccurataesultfor ary initial conditionof the problem.

The methodgproposeddy Cline [11,12]andKalbach[15] wereusedto calculatethe proba-
bility of nucleonemission.They obtainedthe expressiongor emissionprobability applyingthe
principle of detailedbalancen a way similar to thatin the evaporationmodel. The probability
of emissionW,(E; n; "p) of anucleonbwith enegy ", from a statewith p excitedparticlesand
h holes(n excitons)is givenby

_ 2spt 1,

! h; U
W(E;m: ") = =5 5 Lp_PoiU)

bbbV ("b) I (p:h E)

Qu(p;h); 4
wherefactorQy(p; h), whichtakesinto accounthedifferencebetweemeutronsandprotonscan
be usedin the KalbachForm [15] or asproposediy Gupta[16]. In both casest is guaranteed
thatif n > neq thenQyu(p;h) 1. Moreover, bothfactorsareequalif quantity of neutronsin
the compoundnucleusis equalto that of protons. The resultsobtainedshaw that the relative
importanceof usingfactorQ increasewvith the massnumberandthatit is decisve in the case
of mediumandheary nuclei,wherethe neutron-protorifferenceis appreciablg16].

It is well known that during nucleonscatteringin the vibrational nuclei there occur pro-
cesse®f direct excitation of low excitation enepgy levels of collective type. At the latestspe-
cialists' meetingson nucleardatacalculationit waspointedout thata correctdescriptionof the
high-enegy emissionspectrumin neutron-inducedeactionscould be obtainedonly if direct
processesveretakeninto account. The experimentalevidencein supportof this type of mech-
anismhasbeencon rmed by the latestexperimentwith the (n; n9 reactionswith a very good
resolution[17,18]. In the experimentalspectrawe canclearly seea structureof peakswhich
correspondso theexcitationsof the directtype. Theparametrizatiomnvasadoptedn Ref.[19] to
describehis phenomenonin accordancevith this parametrizationthedifferentialcross-section
of neutronemissionby thedirectinteractionin the (n; n% reactioncanbewritten as,

d dir

ab /n _ 2 \ I(b " " 2>@ 2
T ("0) = = 75w Pa("a)Po("0) Vg 2+ D
=2

h* (kaR)? ka

(U (5)

whereV, R, Vi arethevolumeof the nuclei, the radiusof nuclei,andthe potentialwell depth
takento be 48 MeV, respectiely. P,("3) = 4kaKa=(kay + Kjy) is the coefcient of the pen-
etrability, k, andK 5 being particle momentainside and outsidethe nucleus.  and! are
deformationandenegy parametersvhich correspondo thetargetnucleuslevels of the collec-
tive type. Only the octupolarand quadrupolaioscillationsare considered.The! ,, , values
for even nuclei were taken from Ref. [20]. In the caseof odd nuclei, on the assumptiorof
a weak bond, the valuescorrespondingo the neighbouringeven nucleusare used. The ! 3
valuewastaken from Ref. [21]. The octupolardeformationparametersvere calculatedfrom

2 = (2 + 1)! 3 [MeV]/1000. Capoteet al. have replacedthe function (U ! ), which



194 E. Tel etal.

relategheexcitationenegy of theresidualnucleuso theenegy thecollective stateandto emis-
sion enegy, by Gaussiarwhosesemi-widthis chosento taking into accountthe experimental
enegy resolution. The parametrizatiorusedin Eq. (5) assumeshe super cial natureof the
directinteraction.

3 Geometry DependentHybrid Model

Thehybrid modelfor pre-compoundlecayis givenby BlannandVonach[22] as

8= oy ©)

and

X
P (A= " [ Na(sU)MNa®Ngd" [ ()= o)+ +()D0; ™

n=ng
n=+2

where g isthereactioncross-section, isthenumberof particletype (protonor neutron)n

n exciton hierarchyP (")d" representsumberof particlesof the (neutronor proton)emitted
into the unboundcontinuumwith channelenegy between" and" + d". The quantityin the

rst setof squarebracletsof Eq. (7) representshe numberof particlesto be found (per MeV)

atagivenenegy " for all scatteringprocesseteadingto an“n” exciton con guration. (") is

emissiorrateof aparticleinto thecontinuumwith channeknegy" and . (") istheintranuclear
transitionrateof a particle. It hasbeendemonstratethatthe nucleon-nucleoscatteringenegy

partitionfunctionN, (E) is identicalto the exciton statedensity ,(E), andmay bederivedby

the certainconditionson N-N (nucleon-nucleoncatteringcross-sectionf23]. The secondset
of squarebracletsin Eq. (7) representshe fraction of the type particlesat a enegy which

shouldundego emissioninto the continuum ratherthanmakinganintranucleatransition. The

D, representtheaveragefractionof theinitial populatinsurviving to the exciton numberbeing
treated.

Early comparisonamongexperimentalresults,pre-compoundxciton model calculations,
andintranucleacascadealculationsndicatedthattheexcitonmodelgavetoofew pre-compound
particlesand that thesewere too soft in spectraldistribution for the expectedinitial exciton
con gurations. The intranuclearcascadecalculationsresultsindicatedthat the exciton model
de ciency resultedfrom a failure to properly reproduceenhancedemissionfrom the nuclear
surface[22].

In orderto provide a rst ordercorrectionfor this de ciency the hybrid modelwas refor-
mulatedby BlannandVonach.In this way the diffusesurfacepropertiessampledby the higher
impactparametersverecrudelyincorporatednto the pre-compoundiecayformalism,in thege-
ometrydependeniybrid model(GDH). Thedifferentialemissionspectrunis givenin the GDH
as

d () _ L%

1=0

@+ )Tk (15"); ®)

where is the reducedde Broglie wavelengthof the projectile and T, representgransmis-
sioncoefcient for I partialwave. Using the total pre-compoundeutronemissionspectrum
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d »(")=d", thecross-sectiomvhich couldbeinvolvedin the emissionof two neutronss calcu-
latedas

E /ZB2n

whereB ,, representshe sumof the rst andthe seconcheutronbindingenepgies.

Thegeometrydependenin uencesaremanifestedn two distinctmannersn theformulation
of the GDH model. Themoreobviousis thelongermeanfree pathpredictedfor nucleondn the
diffusesurfaceregion. Thesecondeffectis lessphysicallysecureyetseemdo beimportantin re-
producingexperimentabpectrakhapesThenucleardensitydistribution usedin the GDH model
is a Fermi densitydistribution function, (R) = s[exp(R; C)=0:55f m+ 1] *, where
is the densityat the centerof nucleus,andC = 1:07A'=3 fm taken from electronscattering
results[24]. Theradiusfor thel™ entrancechannebpartialwasde nedby Ry = (I + 1=2). In
the GDH model,thefermi enegiesandnucleardensitiesarede ned to impactparameteR .

4 Semi-empirical formulas for (n,2n) reactioncross-section

Q-valueplaysanimportantrole on (n,2n) cross-sectionat given incidentneutronenegy E, .
However, it is essentiato look for the dependencef (n,2n) cross-sectionsn the asymmetry
parameteat a givenmaximalresidualexcitationenegy, Ur = E, + Qn.on = 6 1 MeV. The
(n,2n)reactionhasbeenfrequentlyinvestigatedn the past.Until now alarge numberof experi-
mentaldatahave beenpublishedon the (n,2n)reactioncross-sectionsducedby 14 to 15 MeV
neutrongsee for example,the Computerindex of NeutronDatabibliographiccatalogue) Most
of the experimentaldataaretaken at enegiesnear14 MeV neutronenegy. Thereareseveral
formulasdescribingthe isotopicdependencef cross-sectionfor differentreactionsat neutron
enegy of 14.5MeV. Themeasuredross-sectionexhibit alarge gradientfor thelighter masses
(z  30) with increasingasymmetryparameteandthenbecomealmostconstantfor medium
andheary massnuclei(startingfrom A 100) [25]. Recentlyandmary yearsagothe various
attemptg26-29] were madeto describethe compiledexperimentalvaluesby formularelating
theneutron-inducedross-section®thes = (N Z)=A asymmetryparameter

Konnoet al. [27] have suggeste& phenomenologicdlormula for 14.9 MeV neutrons(in
mb) asfollows:

In( non) = 7:434[1 1:484exp( 27:37s)]: (9)

Figurel shaws the ratio of experimentalto the calculatedn,2n)cross-sectionfor theincident
enepiesk, for theconditionUr = En+ Qn.2n = 6 1 MeV, whereUr is theexcitationenegy
of theresidualnucleus.The experimentalaluesareabout10-20%higherthancalculatedn,2n)
cross-sectionfor this formula. Q-valuesweretakenfrom Ref. [30].

Bychkov etal. [28] have formulatedfor (n,2n)cross-sectionasgivenby

_ 1000+ 7:5A(7:8s 0:234) if s 013
n20 T 1000+ 7:5A(0:65+ S) if s> 013 (10)
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Fig. 1. Theratiosof experimentaln,2n)cross-section® thepresentompound-nucleusalculationsrersus
theatomicmassumberof thetargetnuclei,for Ur = 6 1MeV. Thefull line representthelinearfunction

Y(A) = exp:= cac: = 0:0035109& + 0:59, obtainedby least-squares to thedata. The experimental
dataweretakenfrom Refs.[38-43].
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Fig. 2. Theratiosof experimentaln,2n)cross-section® thepresentompound-nucleusalculationsrersus
theatomicmassumberof thetargetnuclei,for Ur = 6 1MeV. Thefull line representthelinearfunction

Y(A) =  exp:= calc: = 0:00000099A + 0:90, obtainedby least-squares to thedata. The experimental
dataweretakenfrom Refs.[38-43].
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Fig. 3. Theratiosof experimentaln,2n)cross-sectiont® thepresentompound-nucleusalculations/ersus
theatomicmassumberof thetargetnuclei,for Ur = 6 1MeV. Thefull line representthelinearfunction
Y(A) = exp:= calc: = 0:001450 + 0:58, obtainedby least-squares to the data. The experimental
dataweretakenfrom Refs.[38-43].

Figure2 shavstheratio of experimentato the calculatedn,2n)cross-sectionsAlthoughtheex-
perimentalaluesareabout5-10%lower thanthe calculatedthereis agoodagreemenbetween
the calculatedandmeasuredn,2n)data.

The (n,2n) reactioncross-sectionsiere also studiedby Pearlsteif29] usingthe following
formula,

ni2n(E) = neLMin;zn(EmC); (11)
ne nM
whereEj,¢ istheincidentneutronenegyand e nonelasticross-sectionThesumof the(n,n’),
(n,2n), (n,3n), etc. cross-sectionbelongingto this classis giventhe symbol ».m . Figure3
shavs theratio of experimentalto the calculatedn,2n)cross-sectionsThe experimentalalues
areabout10-20%lower thanthe calculatedn,2n)cross-sections.

5 Resultsand discussion

In this study (n,2n) reactioncross-sectiongor °Nd, %2Sm, 153Eu, 158Gd, 159Tb, 6°Tm,
1751y, 181Ta, and8?W werecalculatedusingequilibriumandpre-equilibriumreactionmecha-
nisms. The equilibrium calculationsveremadeby usingWeisslopf-Ewing (WE) model. Exci-
tonmodelandgeometrydependethybrid modelwereusedfor pre-equilibriumcalculationsThe
calculationshave beenmadein the framework of the GDH modelusingALICE/LIVERMORE-
82 computercode[31]. Theothertheoreticakalculationshave alsobeenmadein the framewvork
of the exciton modelusing PCROSS computercode[19]. The calculatedexcitation functions
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have beenobtainedon the basisof the exciton modelandgeometrydependenhybrid model.In
Figs.4 to 12, the calculated(n,2n) cross-sectiongalueshave beencomparedwith the experi-
mentalvalues.

2500 —
150

Nd(n,2n)

8 12 16 20 24
En(MeV)

Fig. 4. The calculatedand experimental(n,2n) cross-sectiotior **° Nd(n,2n). The solid curve is exciton
model plus evaporation;the dashedcurve is GDH model plus evaporation. The experimentaldatawere
takenfrom Ref.[38].

In calculationsof the exciton model,PCROSSprogramcodeusestheinitial exciton number
asng = 1, thustaking into accountthe direct gammaemission. Equilibrium exciton number
istakenas 1:4gE suggestedy Williams [32], after Pauli correctionwas modi ed. Single
particlelevel densityparameteg wasequalto A=13in the exciton modelcalculation,whereA
is the massnumber Level densityexpressiongiven by Dilg [33] wasusedin the evaporation
modelcalculation. Particle-holestatedensityexpressionreportedby Williams wasusedin the
pre-equilibriummodel calculation. The reactioncross-sectiongndthe inversecross-sections
wereobtainedusingtheopticalpotentialparameterby Wilmore andHodgsor34], Bechettiand
Greenlee$35], Huizengaandlgo [36] for neutronsprotonsandalphaparticles respectiely.

In calculationsof the GDH model, ALICE/LIVERMORE-82 codeusesthe initial exciton
numberasng = 3. In thismodel,it is usedtheinitial neutron(n) andproton(p) exciton numbers
in the calculationsfor neutroninducedreactions. Theseexciton numbersare given by Blann
andVonach[22] as,3X, = 2(3Z + 2N)=(3Z + 2N + 3Z) and3X, = 2 3X,. N andZ
arethe neuronandprotonnumbersof the target nuclei, respectiely. The standardairing shift
(zerofor odd-even nuclei, deltafor odd-oddnuclei) proposedoy Blann and Bisplinghof [31]
wasemployedasthepairingcorrectionfor GDH modelcalculation.In the GDH model,thelevel
densityexpressionusing the formula with massshell correctionswas usedfor 1°°Nd, 152Sm,
153gy, 198Gd, 159Th, 1%9Tm, and "> Lu. The Fermi-gadevel densityexpressiorwasusedfor
Bl Taand®w.
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Fig. 5. The calculatedand experimental(n,2n) cross-sectiorior 2 Sm(n,2n). The solid curve is exciton

model plus evaporation;the dashedcurve is GDH model plus evaporation. The experimentaldatawere
takenfrom Ref. [39].

153 Eu(n,2n)

8 12 16 20 24
En(MeV)

Fig. 6. The calculatedand experimental(n,2n) cross-sectiorior 1° Eu(n,2n). The solid cune is exciton
modelplusevaporationthedashecurveis GDH modelplusevaporation.Thetrianglesymbolsweretaken
from Ref. [41] andthecircle symbolswerealsotakenfrom Ref.[40] for experimentaldata.
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Fig. 7. The calculatedand experimental(n,2n) cross-sectiotior *¢ Gd(n,2n). The solid curve is exciton
model plus evaporation;the dashedcurve is GDH model plus evaporation. The experimentaldatawere
takenfrom Ref.[39].
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Fig. 8. The calculatedand experimental(n,2n) cross-sectiorior *° Tb(n,2n). The solid curve is exciton
modelplusevaporationthedashecurveis GDH modelplusevaporation.Thetrianglesymbolsweretaken
from Ref. [42] andthecircle symbolswerealsotakenfrom Ref.[40] for experimentaldata.
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1000 —

8 12 16 20 24
En(MeV)

Fig. 9. The calculatedandexperimental(n,2n) cross-sectiotior 15° Tm (n,2n). The solid curve is exciton

model plus evaporation;the dashedcurve is GDH model plus evaporation. The experimentaldatawere
takenfrom Ref. [43].

s Lu(n,2n)

8 12 16 20 24
En(MeV)

Fig. 10. The calculatedandexperimental(n,2n) cross-sectiofior *’® Lu(n,2n). The solid curve is exciton
model plus evaporation;the dashedcurve is GDH model plus evaporation. The experimentaldatawere
takenfrom Ref. [43].
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Fig. 11. The calculatedand experimental(n,2n) cross-sectiorior 81 Ta(n,2n). The solid curve is exciton
modelplusevaporationthedashedturve is GDH modelplusevaporation.Thetrianglesymbolsweretaken
from Ref.[32] andthecircle symbolswerealsotakenfrom Ref.[43] for experimentaldata.

Fig. 12. The calculatedand experimental(n,2n) cross-sectioior 182 W(n,2n). The solid curve is exciton
model plus evaporation;the dashedcurve is GDH model plus evaporation. The experimentaldatawere
takenfrom Ref.[39].
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TheWeisslopf-Ewing(WE) modelwasusedn bothmodelg(excitonmodelandGDH model)
for equilibriumcalculation.The exciton model(PCROSS)codeusesa masterequationandtreat
equilibriumandpre-equilibriumin a“uni ed” way. The level densityformulaof Williams was
used.TheHybrid modelstructureis very similar to the “never-come-back’approximatiorof the
excitonmodel;however, differentexpressiongor themeanlifetimeswereused.In particulat the
meanlifetime of the hybrid modelrefersto the particleunderconsideratiorandhencedepends
uponoutgoingenegy ", whereasn theusualexciton modelit is relatedto thenuclearsystemas
awholeandis only functionof n. Thisresultsin a differentexpressiorfor theinternaltransition
rate . (") thatis derived from the conceptof meanfree path,ratherthanby a parametrization
of theavaregetransitionmatrix elementiM 2i andalsoin a differentexpressiorfor theemission
rate (") occurringin the meanlife time. The GDH modelis madeaccordingto incoming
orbitalangulamomentund in orderto accounfor theeffectsof thenucleardensitydistribution.
This leadsto increasedemissionfrom the surfaceregion of the nucleus,andthusto increased
emissionof high-enegeticparticles. The comparison®f thesetwo modelshave beengivenin
detailin Ref.[37].

We, therefore,reachedthe following conclusion: The (n,2n) cross-sectionsvere calcu-
latedusingothersemi-empiricaformulasfor theincomingenegieswhich satisfythe condition
Ur = En+ Qnan = 6 1 MeV. The obtainedresultswerediscussedndcomparedvith the
availableexperimentaldata. The exciton modelfor theincomingenegiesabout14-15MeV is
very successfulor all theneighboringdeformednucleiin theregion of rare-eartrelementsThe
GDH modelcalculationdor the sameenepiesarehigherthantheexperimentalvaluesfor neigh-
bor deformednuclei. The GDH modelis about10-15%higherthanexciton modelin theregion
of Ur = En+ Qn.2n = 6 1 MeV. However, GDH modelis very successfuthanexciton model
abovetheincidentenegy 15MeV. In this study thesedifferencesouldbepossibleresultedrom
includingthedirectinteractionof theexciton model. The PCROSSprogramcodealsoincluded
consideratiorof the directexcitation of low excitationenegy levelsin the calculationof (n; n%
inelasticscatteringspectra.Moreover, differentinitial exciton numbershave beenusedin these
two models.Herethe pairingenegy andthe massshellcorrectionweretakeninto consideration,
andbetterresultshave beenobtained.Especiallyin theregionof Uz = 6 1 MeV, theresults
obtainechave beenfoundto be well in agreemenbetweerthe experimentaldataandthe calcu-
latedvaluesusingBychkov [28] formula,which linearly depend®nthe massnumberA andthe
asymmetryparametes.
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