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Abstract:Basedonthesphericalopticalmodel,pre灢equilibriumstatisticaltheory,andHauser灢
Feshbachtheory,etc.,thecodeMEND(MediumEnergyNuclearData)iswrittenforcalculating
thecompletesetofnucleardataofmedium灢heavynucleiinmedium灢lowenergyregion (曑250
MeV).Forthereactionsinducedbyneutronandprotonbelow250MeV,thetotalcrosssections,

reactioncrosssections,elasticscatteringdifferentialcrosssections,doubledifferentialcrosssec灢
tionsandenergyspectra,etc.calculatedbythecodeMEND,generallyagreewiththosecorre灢
spondingexperimentaldata.MENDisafoundationalprogramfornuclearreactioninmedium灢low
energyregionandiswildelyusedfornucleardatacalculationandestablishingENDF/B6format
filesofmedium灢lowenergyregioninChina.
Keywords:MENDprogram;nuclearreaction;nucleardata;calculation
CLCnumber:O571.42+1;O571.42+2暋暋暋Documentcode:A

1暋Introduction

Thecode MEND (Medium Energy Nuclear
Data)[1-2]is developed from our former code
CCRMN[3-4],anditcancalculatethecompleteset
ofnucleardataofmedium灢heavynucleiinmedium灢
lowenergyregion,namely,theincidentparticles
energyisbellow250 MeV.TheMENDconsiders
sixkindsoflightparticlesastheincidentandemis灢
sionparticles,andtheseparticlesare:n,p,毩,d,
tand3He.Thereareeighteenemissionprocesses
included in MEND. With input parameters,
MENDcancalculatethetotalcrosssection,elastic
scatteringcrosssectionanditsangulardistribu灢
tion,reactioncrosssection,radiativecapturecross
section,inclusivecrosssectionsandtheirenergy
spectra,etc..

Actually,compared withthecode MEND,
severalprogramsTALYS[5],GNASH[6],ALICE/

ASH[7],etc.,whicharewrittenbyforeignex灢
perts,havethesimilarcalculationfunctions.All
theseprogramshavebasicallythesametheoretical
frameandsimilarfunctions,buttherearealso
somedifferencesamongthem.Sincetheimproved
Iwamoto灢Haradapick灢upreactionmechanism[8]has
beenincludedintheexciton modelforthelight
compositeparticleemissions,thecodeMENDcan
providebetterdescriptionoftheshapesandmagni灢
tudeoftheenergyspectraandthedoubledifferen灢
tialcrosssectionofemittingd,t,3Heand毩than
TALYS,GNASH,andALICE/ASH.

Uptonow,theprogram MEND hasbeen
usedbysomeusersinChinatocalculatethecom灢
pletesetofnucleardatabelow200MeVformany
targetnucleiwithneutronandprotonasprojectile,

goodresultsandENDF/B6formatlibraryareob灢
tainedfortheproject ADS (Accelerator Driven
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sub灢criticalSystem).
Thispaperisarrangedasfollows.Insection

2,weintroducethefunctionsandstructureof
MENDbriefly;thetheoreticalframesof MEND
arelistedinsection3;inSection4,thecalculation
methodsaregiven;Section5istheinputandout灢
putfiles,andSection6issomecalculationresults.
The calculation formula and corresponding
parametersofopticalmodelandcascadenucleon
emissionetc.arelistedinappendix.

2暋FunctionsandStructures

Thecalculationandoutputquantitiesareas
following:totalcrosssection;elasticscattering
crosssectionanditsangulardistribution;totalre灢
action(non灢elastic)crosssection;radiativecapture
crosssection;everykindofreactioncrosssections
infirstandsecondemissionprocesses;theinclu灢
sivecrosssectionsandtheirenergyspectraaswell
asdoubledifferentialcrosssections (calculated
withKalbachSystematics[9])ofthesixemitting
particles;theproductioncrosssectionsandenergy
spectraoftotal毭photonsproducinginallkindsof
reactions;theproductioncrosssectionsandenergy
spectraofallkindsofrecoil(residual)nuclei.

Forthecalculationofradiativecapturecross
sectionandits毭spectra,besidestheusualevapo灢
rationmechanism,thedirectandpre灢equilibrium
(PE).emission毭photonsarealsoconsideredin
MEND.Thetheoryapproachandcalculationfor灢
mulaaredueto Akkermansand Gruppelaar[10].
Wegetthedirect毭photonsbylettingn=1intheir
equation(8).

Alloutputquantitiesfromtheeighteenemis灢
sionprocessesareobtained.Theemissionparticles
canben,p,毩,d,tand 3Heinfirsttofourth
emissionprocesses;n,p,毩anddinfifthtosev灢
enthemissionprocesses;n,pand毩ineighthto
tenthemissionprocesses;onlynandpineleventh
toeighteenthemissionprocesses.

MENDcontainsamainprogram,ablockda灢
ta,67subroutinesand42functions.Andthereare

foursourcecodefiles:mend.for,peg.for,hf.for
andcommon.for.Usershouldputtheminasame
subdirectoryforcompilingthem.Usercanalsoput
peg.forandhf.fortogetherwithmend.fortoform
amuchlargerfile,meanwhile,thetwostatements
‘includepeg.for暞and‘includehf.for暞attheend
ofmend.forshouldbedeleted.However,user
cannotputcommon.fortogetherwithotherfiles
becausethestatement‘includecommon.for暞ap灢
pearsinmanysubroutines.Thesourcecodefiles
includeabout28500linestotally.

3暋TheoreticalFrames

暋暋ThetheoreticalframesofMENDarespherical
opticalmodel,‘direct暞reactionsincontinuous
levelsandintranuclearcascadenucleonsemission
basedonempiricalformula,PEstatisticaltheory
basedonexciton model,evaporation modeland
Hauser灢Feshbach(HF)theorywithwidthfluctua灢
tioncorrection.

Fourkindsofsphericalopticalpotentialcanbe
employedtocalculatethetotalcrosssection,shape
elasticscatteringcrosssectionanditsangulardis灢
tribution,absorption crosssection,as wellas
transmissioncoefficientsusedin HFtheoryand
‘inversecrosssections暞usedinPEtheory.Usual灢
ly,thephenomenologicalopticalpotentialofBec灢
chettiand Greenlees[11] (BG form)orthoseof
Koningand Delaroche[12] (KD form)areused.
MENDcanalsodothephenomenologicaloptical
potentialcalculationwithCH89parameters[13]and
microscopicopticalpotentialcalculationbasedon
Skyrmeforce[14]fornandpchannels.Themicro灢
scopicpotentialandthelatertwoglobalphenome灢
nologicalpotentialareveryusefulforthosenu灢
clideswithoutexperimentaldataforadjustingopti灢
calpotentialparameters.

Thecascadeemissionsofonetofournucleons
withcertainfractionsbeforePEandevaporation
areconsideredinMEND.Thecascadeyieldsofnu灢
cleonsandtheenergyspectraofcascadenucleons
arecalculatedwithempiricalformula[15].
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ThePEemissionmechanismisincludedexact灢
lyinfirst,secondandthirdemissionprocesses,it
isalsoexactly(fornucleonemissions)orapproxi灢
mately(foremissionsofcompositeparticles)con灢
sideredinfourth andfifth emission processes.
Combiningthecascadeemissionofnucleonsand
thePE mechanism,therearesomefractionsfor
bothPEemissionandevaporationinfirsttofifth
emissionprocess,andthereisonlyevaporation
(without PE emission)in sixth to eighteenth
emissionprocess.

ForemissionofcompositeparticlesinPEthe灢
ory,theimprovedpick灢upreactionmechanism[8]is
adopted.Inthecalculationofstatedensitiesfor
theexcitonmodel,thePauliprincipleisaccommo灢
dated.Theangularmomentumandparityconser灢
vationarenotconsideredincascadenucleonemis灢
sions,PEtheoryandevaporationmodel.

TheHFtheorywithwidthfluctuationcorrec灢
tionisusedforthefirstemissionprocess,inwhich
theangularmomentumandparityconservationare
considered,andthecrosssectionandangulardis灢
tributionofdiscretelevelscanbegiven.

Usually,MENDcannotcalculatethedirect
reactioncontributionsindiscretelevels,whichare
calculatedwithothercodes(suchasDWUCK4[16]

andECIS94[17])andtreatedasinputin MEND.
However,fornorpasprojectile,MENDitself
canalsocalculatethedirectreactioncontributions
ofsomecollectivelevelsinn,pchannelswiththe
approachinRef.[5].Besidesthedirectreactions
indiscretelevels,MENDalsocalculatesthe‘di灢
rect暞reactionsincontinuouslevelswithempirical
formulaebeforecascadenucleonemission,PEand
evaporation. These empiricalformulae include
pickup,stripping,exchangeandknockoutreaction
mechanisms[18]as wellasthedeuteron breakup
model[19].

MENDdoesnotcalculatefissioncrosssec灢
tions.Forsub灢actinides,usercanobtainfission
crosssectionsfrom experimentaldata orother
way.TheyaretreatedasinputinMEND.

4暋CalculationMethods
暋暋MethodsusedinMENDtocalculateallkinds
ofreaction cross sections arethe same asin
CCRMN[4],in whichthebasicideaishow to
changethemulti灢fold(morethantwo)integration
intoadouble灢foldintegrationbyusingexciteden灢
ergyofresidualnucleusinsteadofemissionparticle
energyasintegratevariableandexchangingthein灢
tegrateorder.However,CCRMN cancalculate
crosssectionsbutenergyspectra.Themethodsfor
calculatingtheenergyspectraoftheemittingparti灢
clemovingagainsttheresidualnucleusaregivenin
theRef [2],here wegivetheoutlinesofthe
methodsasfollows:

Intherealcalculationofnumericalintegration
inthecodeMEND,theexpressionsofintegrands
areofterriblecomplexity.Wesubstitutetheab灢
breviativenotationsf1 (u1,...),f2 (u1,u2,...)

forthe extra灢complex expressionsin theinte灢
grands,andonlyclearlygivethelimitsofintegra灢
tions.Atthesametime,inorderto makethe
symbolsclearerandsimpler,wealsoomitthe
scriptofchannelsindicatingthekindofemitting
particles;withBV1,BV2,BV3andBV4denoting
thebindingenergiesoftheemittinglightparticle
andthecorrespondingresidualnucleus,withZ1,

Z2,Z3andZ4denotingtheenergiesatwhichthe
‘inversecrosssections暞starthaving obviously
nonzerovalues (forexample,beinglargerthan
10-6),with E1,E2,E3 and E4 denotingthe

kineticenergiesoftheemittingparticles,withu1,

u2,u3andu4denotingtheexcitedenergiesofthe
correspondingresidualnucleiinthefirst,second,

thirdandfourthemittingprocess,respectively.
LetEdenotingtheexcitedenergyofcompoundnu灢
cleusconsistedofprojectileandtarget,E0 deno灢
tingthekineticenergyoftheprojectile moving
againstthetargetnucleusintheircenterofmass
frame.

Forthefirstemittingprocess,thereaction
crosssectioncanbeexpressedas:
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氁1=(曇
BZ2

0
+曇

B1

BZ2
)f1(u1,…)du1, (1)

whereBZ2=BV2+Z2,B1=E-BV1-Z1.The
reasonthattheintegrationforu1isdividedinto
twopartsisthesecondemittingprocesswon暞t
openifu1 曑BZ2.Inthefollowingcalculationof
氁2,氁3,…,theintegrationsforu2,u3,…,arealso
dividedintotwoparts,thereasonsarethesame,

wewon暞texplainanymore.Whenwecalculate氁1,

wesavethevaluesoff1 (u1,…)atallintegral
basepointsinthehigherexcitedenergyregion
[BZ2,B1]tosupplytocalculationofthesecond
emittingprocessbylinearinterpolation.Because
E1=E-BV1-u1andu1 havetherelationcorre灢
spondingtoeachotheronebyone (E andBV1
withnon灢varyingvalueintheintegration),theval灢
uesoff1(u1,...)atvariousbasepointsofthein灢
tegration for u1 is also the values of

f1(E-BV1-E1,...)atvariousbasepointsofthe
integrationforE1,i.e.thenon灢normalizedenergy
spectrum values of outgoing particle moving
againstitsresidualnucleusatvariousbasepoints
E1.

Forsecondemittingprocess,let

FF2(u2)=曇
B1

u2+BV2+Z2
f2(u1,u2,…)f1(u1,…)du1,

(2)

wheretheintegralbasepointsforu1 arenotthe
sameasin Eq.(1),thevaluesoff1 (u1,...)

shouldbegottenfromabovesavedvaluebylinear
interpolation.Thereactioncrosssectioncanbede灢
notedas

氁2=(曇
BZ3

0
+曇

B2

BZ3
)FF2(u2,…)du2, (3)

whereBZ3=BV3+Z3,B2=B1-BV2-Z2.
Whenwecalculate氁2,weshouldsavethevaluesof
FF2(u2)atallintegralbasepointsintheenergy
region[BZ3,B2]tosupplytocalculationofthe
thirdemittingprocessbylinearinterpolation.Be灢
causeE2=u1-BV2-u2andu2havenotanymore
therelationcorrespondingtoeachotheronebyone

(u1isavaryingintegralvariablealthoughthevalue
ofBV2isstillnon灢varying),theenergyspectrain
secondemittingprocesshavetoberecalculatedin灢
steadofdirectlygettingfromthesavedvaluesof
FF2(u2)incalculationofcrosssection氁2.Let

sp2(E2)=曇
B1

E2+BV2
fe2(u1,E2,…)f1(u1,…)du1,

(4)

wherefe2(u1,E2,…)isafunctionofu1andE2ob灢
tainedfromf2(u1,u2,…)inwhichu2shouldbe
changedtou1-BV2-E2.Thereactioncrosssec灢
tioncanalsobedenotedas

氁2=曇
B2+Z2

Z2
sp2(E2)dE2. (5)

Wecanchecktheprecisionofnumericalcalculation
bycomparingthevalueof氁2calculatedfrom Eq.
(5)withthatfromEq.(3).Thevaluesofsp2(E2)

inEq.(4)atvariousintegralbasepointsforE2are
justthenon灢normalizedenergyspectraoftheemit灢
tinglightparticlemovingagainstitsresidual(re灢
coil)nucleusforsecondemittingprocess.

Forthirdemittingprocess,let

FF3(u3)=曇
B2

u3+BV3+Z3
f3(u2,u3,…)FF2(u2)du2,

(6)

wheretheintegralbasepointsforu2 arenotthe
sameasinEq.(3),thevaluesofFF2(u2)should
begottenfromabovesavedvaluebylinearinterpo灢
lation.Thereactioncrosssectioncanbedenotedas

氁3=(曇
BZ4

0
+曇

B3

BZ4
)FF3(u3,…)du3, (7)

whereBZ4=BV4+Z4,B3=B2-BV3-Z3.
Whenwecalculate氁3,weshouldsavethevaluesof
FF3(u3)atallintegralbasepointsintheenergy
region[BZ4,B3]tosupplytocalculationofthe
forthemittingprocessbylinearinterpolation.Be灢
causeE3=u2-BV3-u3andu3alsohavenotthe
relationcorrespondingtoeachotheronebyone(u2

isavaryingintegralvariablealthoughthevalueof
BV3isnon灢varying),theenergyspectrainthird
emittingprocesshavetoberecalculatedinsteadof
directlygettingfromthesavedvaluesofFF3(u3)

incalculationofcrosssection氁3.Let
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sp3(E3)=曇
B2

E3+BV3
fe3(u2,E3,…)FF2(u2)du2.

(8)

Thereactioncrosssectioncanalsobedenotedas:

氁3=曇
B3+Z3

Z3
sp3(E3)dE3. (9)

Wecanchecktheprecisionofnumericalcalculation
bycomparingthevalueof氁3calculatedfrom Eq.
(9)withthatfromEq.(7).Thevaluesofsp3(E3)

inEq.(8)atvariousintegralbasepointsforE3are
justthenon灢normalizedenergyspectraoftheemit灢
tinglightparticlemovingagainstitsresidual(re灢
coil)nucleusforthirdemittingprocess.

Followingtheapproachesinthirdemitting
process,wecandeducetheformulaetocalculate
thecrosssectionsandenergyspectraforanyk灢th
(k曒4)emittingprocess.

Basedontheenergyspectraofrelative mo灢
tion,theenergyspectraofsixemittinglightparti灢
clesandofallkindsofrecoilnucleiinLab灢frame
canbecalculatedwithChadwick暞sapproach (see
theappendixoftheRef.[20]).Fromtheenergy
spectraofsixemittinglightparticlesinLab灢frame
andthecorrespondingPEfractiongivenintheout灢
putfile‘specp.dat暞,thedoubledifferentialcross
sectionsofsixemittinglightparticlesinLab灢frame
canalsobecalculatedwithKalbachsystematics[9].
WehavealreadywrittenasmallcodeKalbahtodo
thiswork.

5暋InputandOutputFiles

InMEND,theinputfilesincludemendi.dat
andmdir.dat;theoutputfilesincludemendo.dat
(generaloutput),CStabl.out(tablesofcrosssec灢
tions),specp.dat (normalizedenergyspectraof
sixemissionparticlesandtotal毭灢ray,aswellas
thepre灢equilibriumfractionsforsixemissionparti灢
cles),specr.dat(normalizedenergyspectraofall
kindsofrecoilnuclei),sptabl.out (tables of
differentialcrosssectionsd氁/dE ofsixemission
particlesandtotal毭灢ray)andB6out.dat(ENDF/
B6formatoutputfile);besides,mendv.dat(‘in灢
versecrosssections暞table)isanoutputfileif

INCS = 0 and an input file ifINCS > 0;
aaDLTA.dat (tablesofleveldensityparameters
andpairenergycorrections)isanoutputfilecalcu灢
lated with GCCIformula and parameters[21] if
IaDL=0andaninputfileifIaDL=1.Inthis
way,usercanadjustsomeparametersinaaDLTA.
dattomakecorrespondingreactioncrosssections
inbetteraccordancewithexperimentaldata.

Usercanfindtheexplanationofthemeaning
ofallthequantitiesintheinputfilesfromthecom灢
mentlinesinsourcefilesofMEND.Partcalcula灢
tionformuledirectlyreferredtheinputquantities
aregiveninappendix.Herewedonotgivethe
exampleofinputfiles,userscancontactusifthey
needtheexampleandtheexplanation.

6暋CalculationResults

UsingMEND,withneutronasprojectile,all
kindofcrosssections,angulardistributions,ener灢
gyspectraanddoubledifferentialcrosssectionsare
consistentlycalculatedandevaluatedfor24-26Mg,
27Al, 28-30Si, 40,42-44,46,48Ca, 50,52-54Cr,
54,56-58Fe, 59Co, 58,60-62,64Ni, 63,65Cu,
90-92,94,96Zr,93Nb,92,94-98,100Mo,180,182-184,186W,
204,206-208Pb,209Bi;andwithprotonasprojectile,
allkindofcrosssections,angulardistributions,

Fig.1Calculatedneutronelasticscatteringdifferentialcross

sections(solidline)comparedwithexperimentaldata

forn+56Fe.
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Fig.2Calculatedenergyspectraofprotonemission (solid

line)comparedwithexperimentaldataforn+56Fe.

Fig.3Calculatedenergyspectraof毩emission (solidline)

comparedwithexperimentaldataforn+56Fe.

energyspectraanddoubledifferentialcrosssec灢
tionsareconsistentlycalculatedandevaluatedfor
27Al, 28-30Si, 40,42-44,46,48Ca, 54,56-58Fe, 59Co,
58,60-62,64Ni,63,65Cu,90-92,94,96Zr,92,94-98,100Mo,
180,182-184,186W,204,206-208Pb,209Biastargetnuc灢
leus.Generallyspeaking,goodagreementisgen灢
erallyobservedbetweenthecalculatedresultsand
theexperimentaldata.Forsomenucleiasexam灢
ples,theoreticalcalculatedresults are compared

withexistingexperimentaldataasshowninFigs.1
to7.PartsofaboveresultscalculatedwithMEND
havebeenpublished[22-36].

Fig.4Calculateddoubledifferentialcrosssectionsofneutron

emission(solidline)comparedwithexperimentaldata

forn+56Fe.

Fig.5Calculateddoubledifferentialcrosssectionsofproton

emission(solidline)comparedwithexperimentaldata

forn+56Fe.
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Fig.6Calculateddoubledifferentialcrosssectionsoftriton

emission(solidline)comparedwithexperimentaldata

forn+56Fe.

Fig.7Calculateddoubledifferentialcrosssectionsof3 He

emission(solidline)comparedwithexperimentaldata

forn+56Fe.

Appendix:PartCalculationFormulae

1暋OpticalModel

1.1暋OpticalpotentialofBGform

Theopticalpotential[11] consideredhereare
Woods灢Saxonformfortherealpart,Woods灢Saxon
and derivative Woods灢Saxon form for the
imaginarypartscorrespondingtothevolumeand
surfaceabsorptionrespectively,andtheThomas
formforthespin灢orbitpart.Theirpotentialpa灢
rametersarepresentedas:

Vb(r,EL)=-Vr(EL)fr(r)+i[4asWs(EL)暳
dfs(r)

dr -Wv(EL)fv(r)]-VSO(r)+VC(r),

(1)

whereVb(r,EL)standsforthetotalpotentialof
incomingoroutgoingparticleb.

TheWoods灢Saxonformfactor

fi(r)= 1+expr-Ri

a
æ

è
ç

ö

ø
÷

é

ë
êê

ù

û
úú

i

-1
,

withi=r,v,s. (2)

Spin灢orbitpotential

VSO(r)=毸2
毿(VSO +iWSO)

aSOr 暳暋暋暋暋暋暋暋暋暋暋

exp[(r-RSO)/aSO]
(1+exp[(r-RSO)/aSO])2 暳

暋暋暋暋[j(j+1)-l(l+1)-Sb(Sb+1)].
(3)

Coulombpotential

VC(r)=
0.7720448ZbZ

RC
3-r2

R2
æ

è
ç

ö

ø
÷

C
,if暋r曑RC

1.440975ZbZ
r

,暋暋暋暋if暋r>RC

ì

î

í

ï
ï

ï
ï .

(4)

Theenergy dependenceofpotentialdepthsare

givenby

Vr(EL)=V0+V1EL +V2E2
L +V3(N-Z)

A +V4Z
A1/3

(5)
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Ws(EL)=Ws0+Ws1EL +Ws2(N-Z)
A

, (6)

or

Ws(EL)=Ws0+Ws1EL +Ws2(N-Z)
A

,

whenEL 曑Ews (6a)

Ws(EL)=Ws0h+Ws1hEL +Ws2(N-Z)
A

,

whenEL 曒Ews (6b)

Ws0h=Ws0+(Ws1-Ws1h)Ews, (6c)

Wv=Wv0+Wv1EL +Wv2E2
L, (7)

aj=aj0+aj1(N-Z)
A

,暋j=v,s, (8)

andaj1=0.7forprotonchannel,aj1=0.0forother
5emittingchannels.WhereEListheincidentparti灢
cleenergyinlaboratorysystem andinEL <250
MeVenergyregion;Z,N andAaretheproton,

neutronand massnumberofthetargetnucleus,

respectively.Inordertoimprovetheagreement
betweenthetheoreticalandexperimentalvaluesat
thehigherenergypart,theE2

Ltermisintroduced
inthevolumeabsorptionpotentialWv,andtheex灢
pressofsurfaceabsorptionpotentialisdividedinto
twopartsatenergyEws.Usually,foropticalpo灢
tentialofBGform,therearealtogether23adjusta灢
bleparameters:V0,V1,V2,V3,V4,WSO,Ws1,

Ws2,Ews,Ws1h,Wv1,Wv2,VSO,WSO,ar,aSO,

av0,aSO,rr,rs,rv,rSO,rc,whichcanbeauto灢
maticallyobtainedforagivennucleus withthe
codeAPMN[21]basedonitsexperimentaldataof
氁tot,氁non andelasticscatteringangulardistribu灢
tions.

1.2暋OpticalpotentialofKDform

暋暋Thephenomenologicalopticalmodelpotential
(OMP)ufornucleon灢nucleusisusuallydeter灢
minedas[12]:

u(r,E)=-VV(r,E)-iWV(r,E)-iWD(r,E)+
[VSO(r,E)+iWSO(r,E)]L·氁+VC(r),(9)

whereViandWiaretherealandimaginarycompo灢
nentsofthevolume灢central(i=v),surface灢central

(i=D)andspin灢orbit(i=SO)potentials,respec灢
tively.Eisthelaboratoryenergyoftheincident
particleinMeV.Allcomponentsareseparatedinto
E灢dependentwelldepth,VV,WV,WD,VSO,and
WSO,and energy灢independent radial parts f,

namely

VV(r,E)=VV(E)f(r,RV,aV), (10)

WV(r,E)=WV(E)f(r,RV,aV), (11)

WD(r,E)=-4aDWD(E)d
drf

(r,RD,aD),

(12)

VSO(r,E)=VSO(E) 淈
m毿

æ

è
ç

ö

ø
÷

c
2 1
r

d
drf

(r,RSO,aSO),

(13)

WSO(r,E)=WSO(E) 淈
m毿

æ

è
ç

ö

ø
÷

c
2 1
r

d
drf

(r,RSO,aSO).

(14)

Asusual,theformfactorf(r,Ri,ai)isaWoods灢
Saxonshape

f(r,Ri,ai)= 1+exp r-Ri)
a

æ

è
ç

ö

ø
÷

é

ë
êê

ù

û
úú

i

-1

.(15)

ThegeometryparametersaretheradiusRi=riA1/3

andthediffusenessparametersai.Forcharged
projectiles,theCoulombterm VC,asusual,is
givenbythatofauniformlychargedsphere:

VC(r)
=Zze2

2RC
3-r2

R2
æ

è
ç

ö

ø
÷

C
,forr曑RC

=Zze2

r 暋,暋暋forr曑R

ì

î

í

ï
ï

ï
ï C

(16)

withZandzarethechargeofthetargetandpro灢
jectilerespectively,andRC=rCA1/3theCoulomb
radius.
暋暋TheglobalneutronandprotonOMPfor0.001
<E<200MeVand24<A<209aregiveninRef.
[12],wewillnotlistthemhere.

2暋CascadeNucleonEmission

暋 暋The weightofcascadenucleonemissionis
readas

casc=
(a10+a11 E0 +a12E0)Y(E0)

Y(E*
0 ) , (17)
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whereE*
0 isalargeenergy (usuallytaken as

2000.0),E0istheincomingenergyincenterof
masssystem.
暋暋Thetotalyieldsofcascadenucleons[15]

Y(E0)=3-(E0/1500)0.5

1+(E0/50)0.27 暳

(2.905-0.0092Z)E0æ

è
ç

ö

ø
÷

300
0.252Z0.263

-0.é

ë
êê

ù

û
úú1 ,

(18)

Yn

Y
æ

è
ç

ö

ø
÷

p
p=1.5+2.1A-2Zæ

è
ç

ö

ø
÷

Z
,

(forprotonasprojectile) (18a)

Yn

Y
æ

è
ç

ö

ø
÷

p
n=2Yn

Y
æ

è
ç

ö

ø
÷

p p
,

(forneutronasprojectile). (18b)

Itissupposedthatatmost,3neutronsand2pro灢
tonscanbeemittedincascadeprogress.Letcasc=
0.0ifitislessthan1%,andletcasn=1-casc.So
cascisdividedto12residualnucleiaccordingtothe
weightswnp(0暶3,0暶2)whichareinverselypropor灢
tionto (n-Yn)2+(p-Yp)2[ ]+0.1 2 (Thetotal
weightof12wnp(0暶3,0暶2)shouldbe1).Then,

casc*wnp(n,p)arecalculatedforeachresidual
nucleus,letwnp(n,p)=0ifitislessthan0.4%,

thenrenormalizationismade.Atlastaddwnp(0,

0)intocascwhichistheweightinPEemissionand
evaporation.

3暋LeverDensity

3.1暋TheGCCI(Gilbert灢Cameron灢Cook灢Ignatyuk)

leveldensityparameter[37]

a=ac
1-e-u

u +aI 1-1-e-u
æ

è
ç

ö

ø
÷

u
, (19)

whereu=fued(U-殼)

ac=
A/8.0,ifZ<9orN <9,

A(Ass·S+Qb),forothernuclei{ ,
(20)

aI=(aif1-aif2·A)A, (21)

or暋aI=(aif1·A+aif2·A2/3), (22)

Z,NandAarethenumberofcharge,neutronand
massofthecompoundnucleus,respectively;U,殼

andSaretheexcitedenergy,pairenergyandshell
correction,respectively.Fued,aif1,aif2canbe
takenasadjustableparametersinsomerange,usu灢
allyfued=0.05;forEq.(21),aif1=0.1375,

aif2=8.36暳10-5[37];forEq.(22),aif1=0.073,

aif2=0.115[40],oraif1= 0.0666,aif2=

0.2587[41].

Qb=
0.142暋暋forsphericalnuclei
0.12暋 暋{ fordeformednuclei

, (23)

Ass=
0.00917,暋forCameron灢Cook[38]

0.0088,暋forSuZongdi[39{ ] .(24)

3.2暋Theleveldensityformula

氀(Z,A,U)=暋暋暋暋暋暋暋暋暋暋暋暋暋

exp[(U-U0)/T]
T

,forU 曑Ux+殼

(constanttemperatureform)

exp(2 aUe)
122氁Ue (aUe)1/4

,forU >Ux+殼

(hightemperatureform

ì

î

í

ï
ï
ï
ï

ï
ï
ï
ï )

, (25)

where

Ux=Uc+Ua

A
,

Ue=U-殼 ,

T= a
Ux

-1.5
U

é

ë
ê
ê

ù

û
ú
ú

x

-1

,

氁2=
氁2

0 =0.0888(aUx)1/2A2/3,ifU 曑Ux+殼
0.0888(aUe)1/2A2/3,ifU >Ux+{ 殼

ì

î

í

ï
ï
ï
ï
ï

ï
ï
ï
ï
ï

,

(26)

Uc=2.5,暋Ua=150.0,暋forCameron灢Cook
Uc=1.4,暋Ua=263.0,暋forSuZong{ di.

(27)

暋暋Inrealcalculation,wefindtheleveldensity
forlowexcitedenergyisoftensomelargerthan
thatitshouldbe,soweintroducetwoadjustable

parametersuxxdandfasud.Lettheleveldensity氀
for2ndto6themissionprocesschangeto氀暳
exp(fasud暳(u-uxxd))whenu<uxxd,usually,

5<uxxd0曑fasud曑0.5.Iffasud=0,thereareno
changeforall氀.
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4暋TheState Density Parameterof
SingleParticle

g=
g0=A/13.0,ifuecg 曑0.01

g0暳fact,ifuecg >0.{ 01
(28)

fact=1-e-uecg

uecg
,暋uecg=ccg1(v)暳(U-殼).

(28a)

ccg1(v)(v=0,1,2,…,6)are7adjustablepa灢
rametersfor7emittingchannels(channel0corre灢
spondsto 毭 photon emission).Usually,0曑
ccg1(v)<0.05.Andfact=1ifccg1(v)曻0.

5暋Calculationof毭PhotonsEmission

5.1暋Theevaporationrateofphotonsforcompound
system殻r(Z,A,U)

殻r(Z,A,U)=

曇
U

0

1
毿(c淈)2E

2
r氁A(Er,Z,A)氀(Z,A,U-Er)dEr,

(29)

氁A(Er,Z,A)=暺
2

j=1
氁0

Aj(Z,A)Er暳

Er殻gj(Z,A)殻gj(Z,A,Er)
E2

gj(Z,A)-E[ ]2
r

2+E2
r殻2

gj(Z,A,Er){ +

27.63489殻gj(Z,A)(U-Er)
E2

gj(Z,A) }a
, (30)

殻gj(Z,A,Er)=殻gj(Z,A)E
2
r+4毿2(U-Er)/a

E2
gj(Z,A) ,

(31)

where

Eg1=E0 1- 毬
3.

æ

è
ç

ö

ø
÷

0
2
,

殻g1=0.232Eg1,

氁0
A1=毩*0.0145 A

Eg1

ì

î

í

ï
ï
ï

ï
ï
ï ,

Eg2=E0(1-0.16毬),

殻g2=0.275Eg2,

氁0
A2=毩*0.0235 A

Eg2

ì

î

í

ï
ïï

ï
ï .

(32)

暋暋毩,毬aretwoadjustableparameters.Atfirst,

usercantake毩=1.0,毬=0(forsinglepeakhuge
dipoleresonance).Asanotherchoice,(U-Er)in

secondterminsidethebracesofEqs.(30)and
(31)canbereplacedwithBn-Er(ifBnislarger
thanEr)orzero(ifBnislessthanEr).HereBnis
thebindingenergyofneutronwiththecorrespond灢
ingresidualnucleus,Uistheexcitedenergyofthe
compoundnucleus.

5.2暋Emissionrateofphotonsinexcitonmodel[10]

暋暋Theemissionrateis曇
U

0
Wr(n,Er)dEr ,

where

Wr(n,Er)= 1
毿淈毿(c淈)2

E2
r氁A(Er,Z,A)

焻氊(Z,A,U,p,h)暳

焻氊(Z,A,U-Er,p-1,h-1)g2Er

(n-2)g+g2E
é

ë
êê

r
+

焻氊(Z,A,U-Er,p,h)ng
ng+g2E

ù

û
úú

r
, (33)

wheren=p+h,n,p,harethenumbersofexci灢
ton,particle,hole,respectively.

焻氊(Z,A,U,p,h)=暋暋暋暋暋暋暋暋暋
g(gUe)h

曚 (gUe-A(p,h))p曚-1

p! h! (p+h-1)! 暳f(Ue)(34)

istheexcitonstatedensity.IfgUe曑A(p,h)or
oneoffactorialvariablesbecomesnegative,let
煀氊(Z,A,U,p,h)=0.

h曚=min(p,h),p曚=max(p,h),

A(p,h)=1
2p(p-1)+1

2h(h-1),

f(Ue)= 0.06毿2

(aUe)1/8

ì

î

í

ï
ï
ï

ï
ï
ï .

(35)

Thetransitionrateofcompoundsystem (Z,A,

U)fromn=1ton=3is

毸+ (Z,A,U,1)=2.3864334DK gæ
è
ç

ö

ø
÷

A
3U2

e

U .

(36)

Thecrosssectionofdirectemissiongammapho灢
tonsis

氁r,d(U)=暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋
氁aY1,r

Y1,r+2.3864334DK g/( )A 3 U2
e/( )U *DGAM

,

(37)

whereDKistheadjustableKalbachparameterand
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DGAM(<or=1.0)isanadjustableparameterfor
directgammaphotonsemission.

6暋ThePreformedFactorFlv(Zv,Av,
Ev)of the Compound Particle
Emission

暋暋Theemissionrateofparticlev(v=1,2,3,

4,5,6correspondington,p,毩,d,t,3He)in
excitonmodelis

Wv(Z,A,U,p,h;Zv,Ev)=

暺
Lvm

lv=1
WLvv (Z,A,U,p,h;Zv,Av,Ev),(38)

WLvv (Z,A,U,p,h;Zv,Av,Ev)=
2Sv+1
毿2淈3 mvEv氁v(Ev)rvRlv(Z,A,p,h;Zv,Av)暳

Flv(Zv,Av,Ev)暳
焻氊(Z-Zv,A-Av,U-Bv-Ev,p-lv,h)

焻氊(Z,A,U,p,h) ,

(39)

whereZ,A,U,p,harethechargenumber,mass
number,excitedenergy,particleandholenumber
ofcompoundsystem,respectively.Zv,Av,Evare
thechargenumber,massnumberandenergyof
emittingparticlev,respectively.Flv(Zv,Av,Ev)

=1.0forv=1,2(n,pemission).Forv=3,4,

5,6,thecompoundparticle(毩,d,t,3He)emis灢
sion,thecalculationoftheFlv(Zv,Av,Ev)fac灢
torsinpickupmechanismisgiveninRef.[8].lv

=1toLvm=max(Av,3).
Ifwecalculatecompletelywiththeformulain

Ref.[8],theFlvfactorforlv=1or2willbecome
zerowhenEv>90MeV,theemissionofparticles
毩,tand3HewillhavenoPEfraction,thecross
sectionandemissionspectraof毩,t,3Hewillbe
muchsmallerandsofterthantheexperimentalda灢
ta.So,forhighemissionenergyEv曒EFLM2,we
letFlv=0forlv=3,renormalizationFlvforlv=
1and2toRFLM(v);forlowemissionenergyEv

曑EFLM1,wecalculateFlvexactlywithformula
inRef.[8];forEFLM1 < Ev < EFLM2,we
makesmoothlyconnectionofaboveFlvinlowand
highemissionenergyregions.EFLM1,EFLM2,

RFLM(v)(v=3,5,6)correspondingto毩,t,and
3Heareadjustableparameters.Usually,RFLM
(4)=1.0,0.15曑RFLM(v)(v=3,5,6)曑0.3;50
曑EFLM1曑80,120曑EFLM2曑150.

7暋‘Direct暞ReactionsinContinuous
Levels

暋暋Besidesthedirectinelasticscatteringanddi灢
rectreactionin discretelevels calculated with
DWUCK4[16]andECIS94[17],MENDalsocancal灢
culatethedirectinelasticscatteringanddirectreac灢
tionsincontinuouslevelswiththeKalbach暞sfor灢
mulae[18-19].Severalkindsofreactionmechanism
areconsideredhere,whichincludenucleontransfer
(pickup,stripping,ornucleonexchange)reaction
andknockoutreaction[18-19].
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MEND———一个计算250MeV以下中重核数据的程序*

蔡崇海1)

(南开大学物理科学学院,天津300071)

摘暋要:基于球型光学模型、预平衡发射和 Hauser灢Feshbach统计等理论,编制了 MEND程序(Medium
EnergyNuclearData),该程序适用于中重原子核在入射粒子能量低于250MeV的中低能区的全套核数据

计算。对于中子和质子在250MeV以下诱发的核反应,其全截面、反应截面、弹性散射微分截面、双微分

截面和能谱等理论计算值与相应的实验值基本一致。MEND是计算中低能核反应的基础程序,在我国已

被广泛用于核数据计算及建立中能核数据库。

关 键 词:MEND程序;核反应;核数据;计算
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