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Abstract:Basedonthecontinuumdiscretizedcoupledchannels(CDCC)theory,andthehypothesis
thattheresidualnucleuslocatesnotonlyinboundstatebutalsoinaseriesofexcitedstates,the
contributionofdeuteronbreakupeffectinoutgoingprotonenergyspectraarestudiedinthepresent
work.Andtheresultscanbasicallyexplaintheexperimentalresultsthatapeakstructureisap灢
pearedintheoutgoingprotonenergyspectraatabouthalfoftheincidentenergy.Theresultsof
presentcalculationgenerallyagreewiththoseobtainedfromC.Kalbach暞sempiricalformulaum.
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1暋Introduction
Deuteronisaweaklyboundnucleuswhichcan

easilybreakintoprotonandneutroninnuclearcol灢
lisions,anditsbreakupeffectsinelasticscattering
angulardistributionsandreactioncrosssectionsare
systematicallystudiedformanytargetnucleiina
wideenergyregion[1,2].Thecontributionsfrom
theclosedchannelstothetotalreactionandbreak灢
upcrosssections,andangulardistributionsofelas灢
ticscatteringarealsoseriouslydiscussed[3].Some
researches[4,5]pointoutthatforallthenucleistud灢
ied,theprotonenergyspectrashowlargedeuter灢
on灢breakuppeakscenteredatabouthalfoftheinci灢
dentdeuteron energy,howevertheevaporation
modelandexcitonmodelofnuclearreactioncannot
givethispeakstructure.Inordertoobtainthis
peakstructure,C.Kalbach[6,7]introducedtransfer
andknockoutreactionmechanismindeuteronin灢
ducedreactionbasedonexciton model,butthis
treatmentstillcannotproducethepeakstructure.
Inordertoreproducetheexperimentaldata,C.

KalbachadoptedanempiricalformulaofGaussian
shapeinpre灢equilibriumprocess,andusedittode灢
scribethedeuteronbreakupeffectinoutgoingpro灢
tonorneutronenergyspectra.

Thepurposeofthispaperistoresearchmicro灢
scopicallythephenomenonthattheprotonenergy
spectrashowlargedeuteron灢breakuppeakscen灢
teredatabouthalfoftheincidentdeuteronenergy,
andtoprovideatheoreticalfoundationforC.Kal灢
bach暞sempiricalformula.Basedoncontimuum
discretizedcoupledchannels(CDCC)theory,for
deuteronstrippingreaction,thepresentworksup灢
posesthattheresidualnucleusissituatednotonly
inboundstatebutalsoinaseriesofexcitedstates,

andacodeCDCCOM (OpticalModelinCDCCthe灢
ory)iswrittenbasedonthishypothesis.

Thispaperisarrangedasfollows.InSection
2,webeginwiththeintroductionofCDCCtheory
andthecodeCDCCOMbriefly;westudythetran灢
sition matrix elementofstripping reaction ex灢
pressedbythreebodywavefunctioninSection3;
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inSection4,thetransitionmatrixelementisgiv灢
en;Section5istheresult,andSection6isasum灢
mary.

2暋CDCCTheoryandCodeCDCCOM
TheCDCCapproach[8]isbasedonthreebody

theory,andfordeuteroninducedreaction,itcon灢
siderstheinteractionsamongp,nandtargetnu灢
cleus.Thetotalenergyofthisthreebodysystem
keepsfixedinthewholereactionprocess.Thecode
CDCCOM[2,3]isbasedonCDCCtheoryandwrit灢
ten by presentauthorsto study the deuteron
breakupeffectsonreactioncrosssectionsetc.and
inCDCCOM,themodelspaceistruncatedasl=2
andthenumberofdiscretizedcoupledchannelsis
ten,wherelisrelativeorbitalangularmomentum
quantumnumberofthepton,namely,onlycon灢
sideringthecontributionsofs灢wavefunctionandd灢
wavefunctionisenough.

3暋TransitionMatrixElementofStrip灢
pingReaction
ForA(d,p)Breaction,thegeneralformof

transitionmatrixelementis

T(d,p)=暣氉
(-)
毬 Vpn+UpA -U-pB毜(+)

毩 暤, (1)

where毜(+)
毩 isthetotalwavefunctionofthethree

bodysystem,氉
(-)
毬 isthewavefunctioninoutgoing

channel,Vpnistheinteractionpotentialbetweenp

andn,UpA and U
-

pB aretheopticalpotentialof
proton灢targetandproton灢residualnucleus,respec灢
tively.Whenthemassoftargetnucleusisfarlar灢
gerthanthemassofprotonorneutron,wecanbe灢

lievethatUpAisequaltoU
-

pBapproximately,then
theresidualinteractionpotentialisonlyVpn.Sup灢
posingthedeuteronincidentdirectionisthefor灢
warddirectionofzaxis,andJdenotesthetotal
angularmomentumquantumnumberoftheA+2
system,Misthetotalangularmomentumprojec灢
tionquantumnumber,Listheorbitalangularmo灢
mentumquantumnumberofthep灢npaircentreof

massmovingagainsttargetnucleus,weknowthat
ifM曎0,YJM (0,毤)=0;andonlyifM=0,YJM (0,

毤)= (2J+1)/4毿.ThentheJcomponentofthe
transitionmatrixelementofstrippingreaction A
(d,p)Bis

TJ(d,p)=曇氉lj(rpB)熱氉l曚j曚(rnA[ ])
J0

暳

Vpn(r)氉
(+)
Jmax

(R,r)dRdr, (2)

whereR=(rpA+rnA)/2,r=rpA-rnA,andtheout灢
goingwavefunctionis

[

:

氉lj(rpB)熱氉l曚j曚(rnA)J0= 暺
J+j曚

j=旤J-j曚旤
暺
j

mj= -j
CJ0

j,mj
,j曚,-mj 暳

暺
l=j暲1/2

暺
毺= 暲1/2

a*
l,mj-毺 暳Cjmjl,mj-毺,1/2,毺Cj曚-mjl曚,-mj+毺,1/2,-毺 暳

ulj(rpB)ul曚j曚(rnA)暳Y*
l,mj-毺(毟pB)Y*

l曚,-mj+毺(毟nA),

(3)

where氉l曚j曚(rnA)istheboundstateoftheresidual
nucleusBwithdefinitequantumnumbersl曚j曚,and
uljandul曚j曚aretheradialwavefunctions.

Thetotalwavefunctionofthethreebodysys灢
tem毜(+)

毩 canbewrittenas

氉
(+)
Jmax

(R,r)=aJ0

R
[毤0(r)Y00(毟r)暳

YJ0(毟R)氈J(P0,R)+

暺
l曚曚=0,2

暺
J+l曚曚

L=旤J-l曚曚旤
暺

NK=10

i=1
毤l曚曚(ki,r)氈l曚曚LJ(Pki

,R)暳

暺
l曚曚

m曚曚= -l曚曚
CJ0

l曚曚,m曚曚,L,-m曚曚Yl曚曚m曚曚(毟r)YL-m曚曚(毟R)], (4)

where毤0(r)isgroundstatewavefunctionofdeu灢
teron,毤l(ki,r)arethecontinuumdiscretizedstate
wavefunctionsofp灢npairwithlinearmomentum
淈kiandorbitalangularmomentuml淈.

The氈 arecoupledchannelwavefunctions,

theyarecalculatedwithP3C5[9]algorithminCDC灢
COM.ThepredominanceofthecodeCDCCOMis
thatitincludesnotonlythecouplingofthecontin灢
uumstatesofp灢npairthemselves,butalsothatof
thegroundstateofdeuteron.氈J

(P0,R)expresses
thep灢nc.m.motionwithmomentum淈P0inthe
elasticchannel,and氈lLJ

(Pki
,R)expressesthep灢n

c.m.motionwith momentum淈Pkiincontinuum
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discretizedbreakupchannels.Theindexidenotes
thediscretizedstatenumberofp灢nc.m.moving
againsttargetnucleusinbreakupchannels.Theki

andPkisatisfythetotalenergyconservationE=
(淈2P2

ki
/2毺R)+(淈2k2

i/2毺r),where毺Rand毺risthe
d灢Aandp灢nreducedmass,respectively.Thecoef灢
ficientsinformula(3)and(4)are

a*
lm = 4毿k-1

pBi-lYlm(k̂pB);

aJ0= 4毿毸-1
diJYJ0 (毸̂d)*

=毸-1
diJ 2J+1 . (5)

IftheVpn (r)istakenaszerorangepotential,

namelyVpn(r)=V0
pn毮(r),then

曇Yl曚曚m曚曚(毟r)d毟r= 4毿毮l曚曚0毮m曚曚0, (6)

andasymbolW0
pnisintroducedas

-V0曇
rmax

0
e- r/r( )0

2
暳暋暋暋暋暋暋暋暋暋暋

毤0(r)+ 暺
l=0,2

暺
NK=10

i=1
毤l(ki,r[ ])r2dr曻W0

pn暋.

(7)

AccordingtoangularmomentumtheoryofM.E.
Lose,weobtain:

曇YL0(毟R)Y*
l,mj-毺(毟R)Y*

l曚,-mj+毺(毟R)d毟R =

(2l+1)(2l曚+1)
4毿(2L+1) CL0

l,0,l曚,0CL0
l,mj-毺,l曚,-mj+毺暋.

(8)

TheC灢Gcoefficientsinaboveformulaarenotequal
tozeroonlyiftherequirements殼(ll曚L)andl+l曚
+L=evennumbersaresatisfied.Ifthecenterof
massoftargetnucleusistakenasthecoordinate
origin,thenrA=0andr=rp-rn=0forzerorange
approximation,andthen:

R=rp+rn

2 =rn;

rnA =rn-rA =rn=R ;

rpB=rp-rB=rp-mnrn+mArA

mn+mA

= mAR
mn+mA

=QR . (9)

Accordingtotheaboveformulaweknow毟pB曋毟nA

曋毟R.
Withformula(3),(4),(6),(7),(8),and

finishedtheintegralswithrespectto毟rand毟R,

theformula(2)canbewrittenas:

TJ(d,p)=aJ0W0
pn曇

Rmax

0
RdR暳

暺
Nk=10

i=0
毤0(ki,r)氈J

(Pki
,R)ul曚j曚(R)暳

暺
J+j曚

j=旤J-j曚旤
暺
j

mj= -j
CJ0

j,mj
,j曚,-mj 暺

l=j暲1/2
ulj(QR)暳

暺
毺= 暲1/2

a*
l,mj-毺Cjmjl,mj-毺,1/2,毺Cj,-mjl曚,-mj+毺,1/2,-毺 暳

(2l+1)(2l曚+1)
(2J+1) CJ0

l,0,l曚,0CJ0
l,mj-毺,l曚,-mj+毺暋.

(10)

Basedontheabovetransition matrix elements
TJ(d,p),thedifferentialcrosssectionis:

d氁
d毟= 毺dA毺pB

(2毿淈2)2
kpB

毸d 暺
J
TJ(d,p)2, (11)

andcrosssectionofstrippingreactionis:

d氁=曇d氁
d毟d毟 . (12)

4暋TransitionMatrixElementinPres灢
entHypothesis
FortheA(d,p)Bstrippingreaction,theout灢

goingwavefunction(formula(3))includes氉lj(rpB)

whichistheprotonoutgoingwavefunctionmoving
againstresidualnucleusB,and氉l曚j曚(rnA)whichis
theboundsateswavefunctionofneutron灢target
nucleusA.Theboundstate氉l曚j曚(rnA)hasitsown
totalangularmomentum,orbitalangularmomen灢
tum and binding energy BnA(usually several
MeV).Ifthisistrue,accordingtoenergyconser灢
vationofp灢Bsystem,foracertaindeuteroninci灢
dentenergyE,theoutgoingprotonenergyspectra
onlyataboutEp=E-BnAcanbecalculated.How灢
ever,experimentalresultsshowthatforatarget
nucleus the contribution of deuteron breakup
effectsinoutgoingprotonenergyspectraexistsin
wholeenergyrange.
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Inordertostudythebreakupeffectsinoutgo灢
ingprotonenergyspectrainwholeenergyrange,

wesupposethatbesidestheboundstateofneutron
andtarget,theycanalsoformaseriesofexcited
statewithcontinuouspositiveenergy,thenaccord灢
ingtotheenergyconservationofp灢Bsystem,the
contributionofbreakupeffectinoutgoingproton
energyspectra willbeobtainedin wholeenergy
range.

Iftheexcitationenergyofresidualnucleus(n灢
Asystem)isU,itswavefunctioncanbeexpanded
withdifferentpartialwavefunctionul曚j曚 (R).In
normaltemperatureFermiparameterizedlevelden灢
sityformula,thedistributionfunctionofangular
momentumis

R(j曚,U)=2j曚+1/2氁2
sexp -

(j曚+1/2)2
2氁

é

ë
êê

ù

û
úú2

s
.

(13)

Itdenotestheprobabilityofresidualnucleuswith
angularmomentumquantumnumberj曚inwhich氁s

isspincutofffactor[10].
InthecodeCDCCOM,theangularmomen灢

tumquantumnumberj曚oful曚j曚(rnA)istruncated
ifR(j曚,U)/R(j曚0 =1/2,U)曑 0.01.Inthis
way,foracertainexcitedenergyU,boththecon灢
tributionofboundstateandthatofexcitedstateof
n灢Asystemareincludedinthetransitionmatrixel灢
ementTJ(d,p).Therefore,formula(10)should
bechangedasfollows

TJ(d,p)=aJ0W0
pn曇

Rmax

0
RdR暳

暺
Nk=10

i=0
毤0(ki,r)氈J(Pki

,R)暳

暺
j曚=j曚max

j曚=j曚0

R(j曚,U)暺
l曚=j曚暲1/2

ul曚j曚(R)暳

暺
J+j曚

j=旤J-j曚旤
暺
j

mj= -j
CJ0

j,mj
,j曚,-mj 暺

l=j暲1/2
ulj(QR)暳

暺
毺= 暲1/2

a*
l,mj-毺Cjmjl,mj-毺,1/2,毺Cj,-mjl曚,-mj+毺,1/2,-毺 暳

(2l+1)(2l曚+1)
(2J+1) CJ0

l,0,l曚,0CJ0
l,mj-毺,l曚,-mj+毺 暋.

(14)

Withformula (14),wecangetthedifferential

crosssectionofstrippingreactionatoutgoingpro灢
tonenergyEp=E-U-BnA.Therefore,forthe
definitedeuteronincidentenergy,the outgoing
protonenergyspectrainducedbydeuteronbreakup
effectcanbecalculatedinwholeenergyrange.

5暋Results

Ford+58Nireactionwithincidentenergyof
deuteron80 MeV,the outgoing proton energy
spectrainducedbydeuteronbreakupeffectsiscal灢
culatedbyCDCCOM,andthecalculatedresultis
showninFig.1.Ourcalculatedresultisplottedas
solidline,andthedashlineofGaussianshapeex灢
pressesthatfromC.Kalbach暞sempiricalformula.
FromFig.1weknowthat,ourresultcalculated
withCDCCOMandthatofKalbacharegenerally
agreewitheachother,namely,apeakstructure
appearsinbreakupeffectenergyspectraatabout
halfoftheincidentenergy.Ourcalculatedresults
provethatthepeakstructureexistsinoutgoing
protonenergyspectra,and Kalbach暞sempirical
formulaisofrationality.

Fig.1 Theoutgoingprotonenergyspectrainducedbydeu灢
teronbreakupeffectind+58Nireactionat80 MeV.

Thesolidlineistheresultofpresentwork,andthe

dashlineisthatfromC.Kalbach暞sempiricalformula.

暋暋However,therearesomedifferencesbetween
ourresultandKalbach暞s.Firstly,theenergyspec灢
tracalculatedby Kalbach暞sempiricalformulais
symmetric,andthatofoursisnotsymmetric,

withmoreobvioustendencytowardshigheroutgo灢

·414· 原 子 核 物 理 评 论 第27卷暋



ingenergy.Secondly,theareacovered bythe
curveofKalbach暞sislargerthanthatofours,this
indicatesthatthecontributionofempiricalformula
islittlelargerthanourtheoreticalcalculationto
protonenergyspectra;Thirdly,thepeakvalueof
Kalbach暞sislowerthanours,theenergyrangeof
breakupeffectsofKalbach暞sempiricalformulais
largerthanthatofours.

6暋Summary

Basedonthehypothesisthattheresidualnu灢
cleuslocatesnotonlyinboundstatebutalsoina
seriesofexcitedstates,thethreebodywavefunc灢
tioncalculatedbyCDCCtheory,andthetransition
matrixelementofstrippingreaction,theoutgoing
protonenergyspectrainducedbydeuteronbreakup
effectind+58Nireactionat80MeVwerestudied.
Thecalculatedresultshowsthatapeakstructureis
appearedatabouthalfoftheincidentenergy,it
physicallyindicates that the deuteron breakup

effectin outgoing proton energy spectra,and
provesthereasonabilityofC.Kalbach暞sempirical
formula.
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氘核破裂效应对质子出射能谱的贡献*
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摘暋要:基于连续离散化耦合道理论(CDCC),并在假设剩余核不仅可处于束缚态而且可处于一系列的激

发态的基础上,本工作论述了氘核破裂效应对质子出射能谱的贡献。计算结果可以基本解释质子出射能谱

在大约氘核入射能量一半处出现峰值结构的实验现象。本工作的计算结果与 C.Kalbach的经验公式基本

保持一致。
关 键 词:氘核;破裂效应;CDCC理论;质子出射能谱

·514·暋第4期 AN Hai灢xiaetal.:ContributionofDeuteronBreakupEffectinOutgoingProtonEnergySpectra

* 收稿日期:2010灢04灢23;修改日期:2010灢06灢04

暋暋*暋基金项目: 国家重点基础研究发展计划(973计划)项目(2007CB209903)

暋暋1)暋E灢mail:anhaixia2007@yahoo.com.cn




