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Abstract

To predictthe outcomesof nuclearreactionswithin the Radio
FrequencyQuadrupoleRFQ of the SSClinac, a programentitled
KINREL wasbroughtto the SSCfrom Los Alamos. Thisprogramuses
relativistickinematicsto determinethe Q-valueof givenreactions. By
determiningthe Q of a reaction, KINREL canpredictwhetherthatreaction
will occuror not. KINREL testswererun for all elementswith natural
abundancesgreaterthan 0.1 %. For beamenergiesof 2.5 MeV, 147 of 271
possiblep,n reactionswill occur; dataconcerningthesereactions
resultantnuclei, thresholdenergies,naturalabundances,andcross-
sectionsis listedin AppendixP/. All of thepossiblep,y reactionswill
occur; the tableof thesereactionsis foundin AppendixV.

* Directionson using KINREL arefound in AppendicesI, U, andilL
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Introduction

TheSSClinac is composedof a LinearAcceleratorand a Transfer
Line; the Linear Acceleratorconsistsof a cascadeof threeaccelerators
[Tooker]. A beamof H- ionsfrom the Ion SourceenterstheRadio
FrequencyQuadrupoleacceleratorRFQ at anenergyof 0.035MeV. The
RFQ thenacceleratesthe beamto an energyof 2.5MeV [Cutler]. After
leavingtheRFQ, the H-beamis acceleratedto 70 MeV in theDrift Tube
Linac, andthento 600MeV in the CoupledCavity Linac.

As the beampassesthroughthe RFQ, techniciansmonitor its
behaviorwith beampositionmonitors, toroids,andwire scanners[Funk].
Also, a diagnosticcartwill monitor longitudinalandtransverseemittances
of the beam [Funk] to ensurethat the stringentRF field control
requirementsarefulfilled [Cutler]. At energiesnear2.5 MeV, however,
protonsin the H- beamhaveenoughenergyto reactwith targetnuclei in the
diagnosticequipment.In this case,we aremostinterestedin p,n and p, y
typeground-statereactions,wherea bombardingprotonforces outa neutron
or a gammaray, respectively. Theensuingreactionsmightnotonly activate
i.e. makeradioactivethediagnosticequipmentby changingthenuclear
structureof the atomsin the instrumentation,butpromptradiationfrom
thesereactionsmightalsoposeapotentialsafetyhazardto thepeople
monitoring thatequipment.

For thesereasons,the elementsusedto constructdiagnostic
equipmentfor theRFQmusteitherbe shownnotto reactwith protonsof
energiesnear2.5 MeV, or a thoroughunderstandingof thosereactionsmust
be demonstratedso that theproperprecautionscanbetaken, in orderto
protectboth the diagnosticequipmentand the peoplethat maintainthat
equipment.

To select"safe" constructionelements,aFORTRAN programnamed
KINRE.L wasbroughtfrom the Los AlamosMesonPhysicsLaboratory.
Using 2-bodyrelativistickinematics, KINREL canpredictwhethera given
reactionwill occuror not, contingentupon the "Q" of that reaction. Using
the informationprovidedby KINREL, linac engineersandphysicistscan
establishproperdesignandsafetystandardsfor the RFQ, aswell as for
otherstructuresin the SSClinac. TheKINREL programhasbeen
establishedin a common-userareaon SSCVX1 sothat any scientistat the
lab mayhaveaccessto this valuableresource.
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Theory

TheKINREL programpredictsthe outcomeof a situationin which a
targetnucleuslike thosefoundin the instrumentsof theRFQ is bombarded
by an incidentmovingparticlelike a protonfrom the H- beam,moving at
2.5 MeV. The incidentparticleA entersthenucleusof thetarget
moleculeB andforces outanotherparticleC, like a gammaray or a
neutron. A resultantnucleusI isproduced. This type of reaction,
representedby BA,CD, canbe understoodby consideringthe laws of
conservationof energyandconservationof linearmomentum. [Meyerhof]
Throughoutthis discussion,the following variableswill be used:

MA, MB, MC,MD: Themassesof particlesA, B, C, D
A, B, Vc, V0: TheLAB FRAME velocitiesof A,B, C, D
VA’, YB’, Vc’, Va’: TheCENTER-OF-MASSFRAME

velocitiesof particlesA, B, C, I
TA, T8, Tc, TD: TheLAB FRAME energiesof A,B, C, D
TA’, T8’, Tc’, Ta’: TheCENTER-OF-MASSFRAME

energiesof particlesA, B, C, D

Othervariableswill be definedasneeded.For sakeof brevity, the
theoreticalbasisfor this codewill be explainedin termsof classical
mechanics.KINIREL actuallyusesrelativistically correctequationswhich
aretoo complicatedfor presentationhere.

Figure 1 depictsa simplereactionof the type that KINREL analyzes.
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A projectile,A, with massMA andvelocity VA in the lab frame, is
incidentupon a targetmolecule,B. Thekinetic energyin the lab frameof
particleA is definedasTA. KINREL calculatesandoutputsall of these
valuesin theoutputfile. The lab energyTA is representedby the variable
LAB TA; the momentumof particleA is displayedin the field LAB PA.
Mter thereaction,a light particle,C, with velocity Vc andenergyTc, is
ejectedfrom theheavynucleus,D. KINREL alsodefinesthe quantitiesTLC
andILD, the respectivelab kinetic energiesof resultantparticlesC andD,
andPC, the lab momentumof particleC. A tableexplainingall of
KINREL’s variablesandtheirmeaningsfollows this reportin the Appendix.

A light particleC andaheavynucleusD will notalwaysbe produced.
Thereactionwill only occur if sufficientenergyis injectedinto the system
by the movingparticleto overcomea certainthreshold.This thresholdis
determinedby the Q of the reaction, the amountof energyabsorbedor
given off in a reaction. For a reactionto occur, the incomingbeamenergy

Mc
Yc

VA ME
2 V-0

TA=MAVA/2
B-

FIGURE 1A: Thenuclearreactionin the lab frame,
initial situation.

FIGURE 1B: Thenuclearreactionin the lab frame,
final situation.
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mustbeenoughto makeQ positive in the center-of-massframeof reference.
To determineif the reactionwill occur, that thresholdmustbe calculated,
by consideringconservationof energyandconservationof linear
momentum.

By consideringall massesas atomicmasses,anddiscounting
negligiblebindingenergiesof a few ev [Meyerhof 175], conservationof
energydictatesthat, in this situation:

MAC2 +TA +MBc2 =Mc2 +T +MDC2 +T1, I

TheQ-valueof a reactionis definedfrom equation1 asthe
differencebetweenthe initial andthe final kinetic energies,asviewedfrom
eitherreferenceframe:

Q = T + T - TA = MAC2 + MBc2 - Mc2 + M0c2
2

Q=T+Tç,-T-T =MAc2 +MBC2- Mc2+rv

This Q-valueis very importantwhenconsideringreactionsof this sort.
If Q is positive, the reactionis exoergic, and thereactioncanfreely occur.
If Q is negative,however,if the reactionis endoergic,the reactioncannot
occurwithout externalstimulation: thebombardingparticlemusthavea
kinetic energygreaterthan Q [SerwayMosesMoyer 393]. Fromequation
2, recognizingthat the final kinetic energiesTC+TD andTc’,+TD’ mustbe
positive, we cansaythat

Q+TA0 3
Q+T’A+T O

Onemustnote that TA doesnotalways= TA + TB. To defineQ more
precisely, we mustobservethereactionin the center-of-massframeof
reference.SeeFigure2.

p. 6



Cm

T =MA +MBV2,

Thekinetic energyof thecenter-of-massitself is given by

V= MA
1VA

LMA 4-M8

whereV is the speedof the center-of-massas viewedfrom the lab frame
foundby realizing that totalmomentumin the center-of-massframeis zero
[Davis]. TheTOTAL kinetic energyof the initial particlesin the center-of-
massframe,T0 is definedas

4

M VA -V MB
VB =-VcM

FIGURE 2A: Thenuclearreactionin the center
of-massframe,initial situation.

FIGURE 2B: Thenuclearreactionin center
of-massframe,final situation. Notethat the
totalmomentumis zeroin this frame:
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TO=TA-TCM, or T0 = 2-MAVA -V +!MBVCM2

which simplifies to
MB

TA. 6
MA +MB

Thus, the total energyavailablefor the nuclearreactionis only

Q÷To 7

which is essentiallythe kinetic energyof the reactionconstituents,when
viewedin the center-of-massframe.

Q+T0 =MAVA_V+.MBV2 8

Obviously, then, the reactioncanonly occurif the right-handsideof the
equationis positive:

Q+T00 9

This conditioncanalsobeexpressed,by applyingeq. 6, as

T _QMM 10A
MB

TheQ-valuefor areactioncanalsobefoundby consideringconservationof
linearmomentum.Referringbackto Figure1, looking at the reactionin the
lab frame, we canseethat

MAVA = MVCOS4 + Mvcose 11

0= MVsii,4 + MVsNO

Substitutionof MV = 42MT gives:
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nJMATA _sJMCTCCOS9=4MDTDcOS
12

4MT SINO = 4MDTDSIN

Combiningthe squaresof bothequationthenproduces

MATA - 2sfMATAMCTCc05O + MT = MDTD 13

Finally, by applyingequation2 to eliminateTm we arrive at the infamous
Q-equation:

Q = Tc[1 + ML]_ TA[1 - -I-VMATAMCTCcOSO 14

As statedearlier, certainreactionswill notproceedunlessthey are boosted
pastthis Q-levelwith someexternalenergy. This level of energyrequiredis
known asthe thresholdenergy. KINREL usesthe equationsandtheory,as
describedabove, to calculatethe thresholdenergyfor the requested
reaction. If the beamenergysurpassesthe thresholdenergy, KINREL then
calculateslab energies,magneticbendingfield values,andothervaluesfor
the resultantparticlesC andD, by applyingconservationof momentum
laws.
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Procedure

In themiddleof June, work beganto makethe KINREL program, as
found in JohnMcGill’s directory, operational. The programcamefrom Los
Alamos, andmanyof the calls in theprogramreferredto programson the
Los Alamossystem. After finding all of thesecalls, andreformattingsome
statements,the programwasnearlyoperational.Whenrunningon
SSCVX1, however, KINREL waswriting its integersinto memoryin a
formattoo largefor KINREL to understandlater. Oncethis problemwas
finally diagnosedandsolved, KINREL was fully functionalandproduced
satisfactoryoutput.Onemodificationof the outputformat wasattempted,
however,becausethe outputtabledoesnot fit ontoa SSCVX1 screenand
mustbe printedout to be fully viewedin a readableformat. However,
becauseof the complicatednestingof loops in the code, reformattingthe
outputin this mannerwasnotfeasible. The outputcanstill be readand
understoodfrom a terminalscreen, but it is mostpresentablewhenprinted
out.

Test caseswererun for variousp,n andp,gammareactions. The
ground-stateQ-level for all of thesereactionscorrespondedto valuesfound
in Serway,Moses,andMoyer’s ModernPhysics. Thresholdvalues
producedby KThJREL alsocorrespondedto thosegiven by Brookhaven
NationalLaboratoryNuclearDataCenter.

Themostsignificantdataoutputfrom KINREL this summerconcerns
thepossiblep,n reactionswithin the RFQ, asdiscussedin the Introduction,
above. Fromthe TableoftheNuclidesin C.M. LedererandV.S. Shirley’s
Tableofthe Isotopes, all nuclei with a naturalabundancygreaterthan
0.1% wereselected.Thisselectionwas to insurethat all feasiblereactions
wereconsidered.Therewere 271 of thesenuclei.

Insteadof writing a batchdriver codethatwould directKINREL to
runa largegroupof reactionsat once, it wasdecidedto entereachreaction
separately.For a batchdriver codeto function completely, a file of all the
requestedreactionswould haveto be createdon SSCVX1, andcreatingthe
FORTRAN codeinvolved in buildinga batchdriver would havebeenmore
complicatedthanmerelytyping eachreactioninto KINREL directly. When
enteringa setof reactionsinto KINREL, onedoesnotneedto constantlyre
enterthe beamenergyandrequestedanglesoverandover. A usercanset
the beamenergyat thebeginningof a KINREL session; that beamenergy
will apply to all reactionsunlessoneexits,by pressingcCNTRL>-Z three
times. A moredetailedinstructionguide to KINREL follows in the
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Appendix. Also, KINIREL hadsomeunexplainedproblemswith certain
reactions. With l68Erp,n, for example,it couldnot calculatethe ratio of
energiesfor the resultantparticles. Minor, inexplicableproblemslike this
only happenedwith 6 reactions, butafter the first one, I wantedto monitor
KINREL directly insteadof sifting throughthe entireoutputfile lookingfor

KINREL’s signal for errors. *

Sevendifferentbatchesof p,n reactions, of different sizes,ranging
from 10 to 94 reactionsperbatchwererun throughKINREL for
calculations. I ransevenbatchesbecauseI stoppedaftereacherrormessage
to examineeacherrorclosely. Fromthis inputof 271 possiblereactions,
KINREL produced119 reactionsthatcouldpossiblyoccurwith a beam
energyof 2.5MeV. Thesereactions,alongwith theft thresholdenergies,
percentabundancy,andcrosssectionalinformationarelisted in Appendix
IV.

KINREL alsodemonstrated,usingthe sameprocedure,that, outof
the 271 possiblep,y reactions,all of themwould occur for beamenergies
of 2.5 MeV. AppendixV containsatableof all the information for these
reactions.

* It hassincebeendeterminedthatthis errormessageindicatesthat the givenvalueis too
largetostorein the designatedmemoryspace.
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Conclusion

Thenudidesgiven in Appendix IV shouldbeavoidedwhen
constructinganyequipmentthat will be usedin theRFQ in the SSClinac.
At H- beamenergiesof 2.500MeV, thesenucideshavebeenshownto
reactwith theprotonson thatbeamin sucha mannerthat freeneutronsare
produced,andotherpotentiallyradioactiveisotopesareformed. These
reactionsmight notonly distort thesensitivedigital equipmentin placein
the RFQ, butalso mightposea safetyhazardto thoseworking in and
aroundthe RFQ.

Thesereactionswerepredictedwith the KINREL relativistic
kinematicsprogram, which utilizes conservationof energyandlinear
momentumlaws to predictthe outcomeofprotonbombardingsituations.
Thisprogramis availableto any SSCemployeeon theSSCVX1, andshould
provevery helpful in predictingotherreactions.
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Follow-Up

AlthoughKINREL is completelyoperationalandcanbe used
constructivelyat this date, thereremainssomeroomfor elaboration:

*a batchdrivercode, consistingof all elementswith abundances
greaterthan0.1%,couldbewritten. This file would beusedto run KINREL
testsfor differentbeamenergies.

*when thebeamenergyis enteredcurrently, 5 significantfiguresare
required. Somealterationcould be madein KINREL sothata spaceor a
commacould delimitbeamenergies.A usercould thenenter"2.5,90,90,0"
insteadof "2.50090900".

*an optioncould be addedso that KINREL wouldonly print out
reactionthatdo occurratherthanall reactions.Becauseit is sometimes
helpful to haveinformationaboutreactionsthatdo not occur, however, this
featurewould haveto be optional, andwouldallow theuserto selectwhich
type of outputhe or shedesires.

*a wild-card particlecouldbe createdthatwould taketheplaceof
particeC in the reactionBA,CD. KINREL would thencheckall possible
reactionsi.e. p,n, p,y, andp,d, etc.andprint out the reactionsthat will
occur.

*KINREL’s outputformatcouldbemodified again, an optional
modificationsothat it would only outputcertain informationin a table
format. VAX files could thenbe incorporatedinto MicrosoftWord
documentseasier.

In addition to thesecomputersciencetasks, thereis alsosomephysics
thatcanbe furtherexploredon KINREL:

*in the outputof reactionsthatdo occur, somevariables,especially
"G" and "DOMEGACM," arenotunderstoodfully. If thesevalueswere
understood,SSCphysicistsmight be ableto utilize KINREL to afuller
extent. Forexample,DOMEGACM is knownto referto somefacetof the
cross-sectionof areaction, butis not fully understoodin whatway that
valuecanbe usedto find thecross-section.

*a thoroughtheoreticaldiscussionof the relativistic kinematics
utilized by KINREL could becompleted, for referencepurposes.
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AppendixI: RunningKINREL

As of August 13, 1993, KINREL hasbeensetup in a commonuser
areaon SSCVX1 for theuseby all individuals with accountson the VAX.
To run KINREL from a VAX account, a usermustfirst copy the input file,
KTNREL.INP, from thecommonareainto his orherown individualaccount.
Thismaybe accomplishedby typing SETUPKINREL to initialize certain
logical operators,thenKINREL_INIT to copy the input file. After these
two commandshavebeenentered, the useronly needsto enterKINREL to
starttheprogramrunning. The .INP file needsto becopiedonly onceinto
theuser’shomedirectory.

WhenKINREL begins, it will first asktheuserfor the beamenergy.
In the caseof the RFQ in the SSClinac, themaximumbeamenergywill be
2.5MeV. BecauseKINREL readsin the first five digits of this entryfield as
thebeamenergy, theusermustenter2.500insteadof merely2.5. The
programwill assumeunits of MeV. KINREL alsoasksfor the lab anglefor
which it is calculatingthis reaction. Forexample,if the userwantsto see
theresultof a 2.5MeV beamincidentat 90°, the input statementwould
read:
2.50090 90 0
with no commasor extraspaces.

ThenextKINREL statementasksfor the reactionitself. It shouldbe
givenin the form BA,CD, whereA is the incoming, incidentparticle, B
is the targetnucleus, C is the light product,andD is theheavyproduct. If
the residualnucleus,D, is notgiven, KINREL will find it. The target
nucleusshouldbe specifiedby its massnumberandchemicalsymbol, in the
form 27AL or 12C, butnot AL27 or Cl2. KINREL is not case-sensitive,
soeitherall upper-or all lower-caselettersmay be used.The incident
particlesalsohavetheft own symboliccode:

G=gamma N=neutron P=proton D=deutron
T=triton H+ = 3He+ H-i--i- = 3He-i-r- A+ = 4He+
A++ = 4He++ P1+ = P1÷ PlO = PlO P1- = P1-
MU+ = MU+ MU- = MU- E- = electron E+ = positron

= kaon+ KO = kaon K- = kaon

If theuserwishesto utilize a special,moreexotic particleeitheras a target
nucleusor asan incidentparticle, KINREL offers the optionof designating
an "individualized" particle, If an item in the reactiondoesnot correspond
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to an entryin KINREL’s masstableor this tableof specialsymbols, or is a
"-", KINREL will prompttheuserfor informationon that item. The user
will needto know the item’s atomic massin amu, error in that mass
KeV, atomic#IZ, mass#IA, andchargestateIQ. Whendealingwith the
residualnucleus, theuserwill bepromptedfor the groundstatereactionq
valueinsteadof the atomic mass.

At any point in the program, HELP will display a the help statement
includedwith the program. Also, CCNTRL> - Z will stop the program and
returnthe user to theprevious input demand, andeventuallybackto the
VAX itself.
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AppendixII: KINREL output

KINREL will outputall informationabouta requestedreactionto a
file, KJNREL.OUT,in the main directoryof theuser. This file canbe
viewedby usingtheTYPE KINREL.OUT command, theED1T
KINREL.OUT command, or by printing a hardcopy of the data. Because
KINREL createsa tableof informationfor reactionsthatdo occurfor the
givenbeamenergy,andbecausethat table is wider thanthe screen, it is
advisableto print a hardcopyof theoutputif the userplanson consulting
that datatableregularly.

Theoutputbeginswith a listing of the reactionin the typical BA,CD
format. Immediatelyunderthis listing is the samereaction, with the masses
of theparticlessubstitutedfor the chemicalsymbols. QA and QC, which
appearnext, representthechargestateof incidentparticleA and resultant
particle C, respectively. QGND is the groundstateQ valuefor the reaction,
asgiven by theuser,

Thenextsectionof outputlists valuesfor the reactionwhenviewed
from the lab frameof reference:

TA: kinetic energyofparticleA MeV
PA: momentumof particleA GeV/c
BRHOA: BXRHO of particleA [thebendingfield] kGcm
BETAA: i valueofparticleA [=vIc]
1/VA: inversevelocity of particleA ns/m

KINREL thenlists similarvaluesfor the samereaction, whenviewed
from the center-of-massframeof reference:

TA: kinetic energyof particleA MeV
PA: momentumof particleA GeV/c
TB: kinetic energyof particleB MeV
T TOTAL: totalkinetic energyin c.m. frame MeV
S: squareof the total relativisticenergyGeV2

If the requestedreactiondoesnothaveenoughenergyto overcomethe
reactionthreshold,KINREL will simply display a message,

"BEAM ENERGY IS BELOW REACTIONTHRESHOLD="

and then list what that thresholdenergyis, for whatevergroundstatetheuser
requested."Groundstate"refersto the groundstateof the resultant
nucleus. If the beamhasgiven enoughenergyto the incidentparticleto
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overcomethereactionthreshold,KINREL will give moreinformationabout
the resultsof the reaction:

EX: excitationenergyof theresidualnucleusC
RXN THRESHOLD: reactionthresholdenergy
DOMEGACM: Jacobianwhich convertsda/d12differential

crosssectiontoda/dt, where
t = 4*momentumtransfer

CM: PC: centerof massmomentumof particleC
THLC: lab angle8 for particleC deg
THCMC: centerof massangle8 for particleC deg
TLC: lab kinetic energyof particleC
BRHOC: BxRHO for particleC bendingfield
PC: momentumof particleC lab frame
BETAC: f3 of particleC fry/c
1 NC: inverseof velocity ofparticleC
G: Jacobianconnectinglab frameandCM frame
DTCIDTH: derivativeof TC with respectto THLC
THLD: lab angle0 of particleD deg
TLD: lab kinetic energyof particleD

squareof three-momentumtransfer
1/LAMBDA: inversewavelengthof particleD
-T: negativeof squareof four-momentumtransfer
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AppendixIII: FORTRANcodefor KINREL

KINREL residesin 7 FORTRANprograms, which are all kept
togetherin acommonuserareaon SSCVX1. TheseprogramsareKINREL,
KINSUB, LOOKUP, MCALL, SPSET,DVM, andMASSER. Eachof
thesesubroutinesis integralto the functioningof the entireprogram, and
thusmustbe kept together. If anychangeis madeto any partof the
FORTRAN codein any of thesefiles, theentiresystemmustbe rebuilt
usingthe @KINREL.BLD command.This commandwill re-compileeach
file, createobjectcodesfor eachfile, and link all the objectcodestogether
sothat theusermustonly commandKINREL to run for the entireprogram
to work. Do notattemptto compileanypartof thecodeseparately:the
.BLD file alsodictatesto KINREL the propersizeof integersto usewhen
outputtingdata. Theprogramwill notbeable to outputwithout theproper
sizeof integers.

Additionally, KINREL will not runwithout the KINREL.JNPfile
establishedin the user’shome directory. This matteris discussedmore
extensivelyin thebeginningof Appendix I.
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AppendixIN

p,n ReactionsthatOccurfor BeamEnergies= 2.500MeV

Reaction Rxtion Threshold NaturalAbundance
7Lip,n7Be 1.880MeV 92.5%
9Bep,n9B 2.057MeV 100%

4OArp,n40K 2.345MeV 99.60%
41Kp,n4lCa 1.233MeV 6.73%
48Cap,n48Sc 0.520MeV 0.187%
49Tip,n49V 1.412MeV 5.4%
50Vp,n5OCr -0.262MeV 0.250%
51Vp,n5lCr 1.564MeV 99.750%
53Crp,n53Mn 1.406MeV 9.50%
54Crp,n54Mn 2.198MeV 2.36%
55Mnp,n55Fe 1.033MeV 100%
57Fep,n57Co 1.648MeV 2.15%
59Cop,n59Ni 1.887MeV 100%
64Nip,n64Cu 2.499MeV 0.91%
6SCup,n65Zn 2.166MeV 30.8%
67Znp,n67Ga 1.810MeV 4.10%
7OZnp,n7OGa 1.457MeV 0.62%
7lGap,n7lGe 1.032MeV 39.9%
73Gep,n73As 1.137MeV 7.8%
76Gep,n76As 1.731MeV 7.8%
75Asp,n75Se 1.669MeV 100%
77Sep,n77Br 2.175MeV 7.6%
82Sep,n82Br 0.877MeV 9.2%
79Brp,n79Kr 2.444MeV 50.69%
8lBrp,n8lKr 1.090MeV 49.31%
83Krp,n83Rb 1.843MeV 11.5%
86Krp,n86Rb 1.321 MeV 17.3%
85Rbp,n85Sr 1.868MeV 72.17%
87Rbp,n87Sr 0.515MeV 27.83%
9lZrp,n9lNb 2.067MeV 11.2%
94Zrp,n94Nb 1.699MeV 17.4%
96Zrp,n96Nb 0.606MeV 2.80%
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93Nbp,n93Mo 1.193MeV 100%
97Mop,n97Tc 1.139MeV 9.6%
98Mop,n98Tc 2.398MeV 24.1%

lOOMop,nlOOTc 1.129MeV 9.6%
lOlRup,nlOlRh 1.350MeV 17.0%
lO4Rup,nlO4Rh 1.951 MeV 18.7%
lO3Rhp,nlO3Pd 1.349MeV 100%
lO5Pdp,nlO5Ag 2.138MeV 22.2%
llOPdp,nllOAg 1.682MeV 11.8%
lO7Agp,nlO7Cd 2.220MeV 51.83%
lO9Agp,nlO9Cd 0.974Mev 48.17%
lllCdp,nlllIn 1.623MeV 12.8%
ll3Cdp,nll3In 0.490MeV 12.2%
1 l4Cdp,n1141n 2.232MeV 28.7%
ll6Cdp,n1161n 1.260MeV 7.5%
1131np,nll3Sn 1.824MeV 4.3%
ll5Inp,nll5Sn 0.299MeV 95.7%
ll9Snp,nll9Sb 1.373MeV 8.6%
124Snp,n124Sb 1.409MeV 5.64%
l2lSbp,nl2lTe 1.797MeV 57.3%
123Sbp,n123Te 0.846MeV 42.7%
l23Tep,n123I 2.001 MeV 0.89%
125Tep,n125I 0.938MeV 7.0%
l28Tep,n1281 2.052MeV 31.7%
l3OTep,n1301 1.249MeV 34.5%
I 271p,nl27Xe 1.458MeV 100%

129Xep,n129Cs 1.901 MeV 26.4%
l3lXep,nl3lCs 1.146MeV 21.2%
134Xep,n134Cs 2.015MeV 10.4%
l36Xep,n136Cs 0.856MeV 8.9%
133Csp,n133Ba 1.307MeV 100%
135Bap,n135La 1.834MeV 6.59%
137Bap,n137La 1.296MeV 11.2%
139Lap,n139Ce 1.065MeV 99.911%
142Cep,n142Pr 1.528MeV 11.1%
143Ndp,n143Pm 1.865MeV 12.2%
145Ndp,nl4SPm 0.959MeV 8.3%
146Ndp,n146Pm 2.275MeV 17.2%
148Ndp,n148Pm 1.320MeV 5.7%
l5ONdp,nl5OPm 0.921 MeV 5.6%
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149Smp,n149Eu 1.551 MeV 13.9%
l54Smp,nl54Eu 1.530MeV 22.6%
l5lEup,nl5lGd 1.255MeV 47.9%
153Eup,nl53Gd 1.030MeV 52.1%
l5SGdp,n155Th 1.638 MeV 14.8%
157Gdp,nl57Th 0.852MeV 15.7%
158Gdp,n158Th 2.035MeV 24.8%
l6OGdp,n160Th 0.909MeV 21.8%
159Thp,n159Dy 1.155MeV 100%
l6lDyp,nl6lHo 1.609MeV 19.0%
l63Dyp,n163Ho 0.796MeV 24.9%
l64Dyp,nl64Ho 1.772MeV 28.1%
165Hop,n165Er 1.162MeV 100%
167Erp,n167Tm 1.539MeV 22.9%
l68Erp,nl68Tm 2.495MeV 27.1%
l7OErp,nl7OTm 1.107MeV 14.9%
169Tmp,n169Yb 1.700MeV 100%
l7lYbp,nl7lLu 2.192MeV 14.4%
173Ybp,n173Lu 1.481 MeV 16.2%
174Ybp,n174Lu 2.166MeV 3 1.6%
176Ybp,n176Lu 0.903MeV 12.6%
176Lup,n176Hf -0.409MeV 2.61%
175Lup,nl75Hf 1.397MeV 97.39%
177Hfp,nl77Ta 1.952MeV 18.6%
179Hfp,n179Ta 0.907MeV 13.7%
l8OHfp,nl8OTa 1.718MeV 35.2%
l8lTap,n181W 0.975MeV 99.9877%
l83Wp,nl83Re 1.346MeV 14.3%
184Wp,n184Re 2.403MeV 30.7%
186Wp,n186Re 1.384MeV 28.6%
185Rep,n185Os 1.807MeV 37.40%
l87Rep,n187Os 0.784MeV 62.60%
187Osp,n187Ir 2.299MeV 1.6%
189Osp,n1891r 1.291 MeV 16.1%
192Osp,n1901r 1.843MeV 41.0%
l9lIrp,nl9lPt 1.792MeV 37.3%
193Irp,n193Pt 0.848MeV 62.7%

l95Ptp,nl95Au 1.017MeV 33.8%
196Ptp,n196Au 2.276MeV 25.3%
198Ptp,nI98Au 1.092MeV 7.2%
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l97Aup,n187Hg 1.204MeV 100%
19911gp,n199T1 2.196MeV 16.8%
2OlHgp,n2OlTl 1.200MeV 13.2%
202Hgp,n202Tl 2.030MeV 29.8%
204Hgp,n204T1 1.132MeV 6.9%
203T1p,n203Pb 1.773MeV 29.5%
205T1p,n205Pb 0.830MeV 70.5%

Informationon NaturalAbundancesis from LedererandShirley’s Tableof
Isotopes, 7th edn., 1978, aspublishedin Kaye andLaby’s Tablesof
Physicaland ChemicalConstants, 15thedition.

Thesereactionswereshownby K1NREL to proceedfor abeamenergyof
2.500MeV; thereactionthresholdin column2 waspredictedby KINREL
accordingto conservationof energyandlinearmomentum.
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Appendix V

p,y Reactionsthatoccurfor BeamEnergies= 2.500MeV

Reaction Rxtion Threshold % Abundancy
6Lip,y7Be -6.543MeV 7.5%
7Lip,y8Be -19.711MeV 92.5%
9Bep,y1OB -7.319MeV 100%
1OBp,y11C -9.562MeV 19.8%
11Bp,’y12C -17.405MeV 80.2%
1 2Cp,y13N -2.107MeV 98.89%
13Cp,y14N -8.133MeV 1.11%
14Np,y15O -7.815MeV 99.63%
15Np,y16O -12.937MeV 0.366%
16Op,y17F -0.639MeV 99.76%
180p,y19F -8.438MeV 0.202%
19Fp,y2ONe -13.521MeV 100%

2ONep,y2lNa -2.553MeV 90.51%
2lNep,y22Na -7.063MeV 0.27%
22Nep,y23Na -9.194MeV 9.22%
23Nap,y24Mg -12.201MeV 100%
24Mgp,y25Al -2.365MeV 78.99%
25Mgp,y26Al -6.560MeV 10.00%
26Mgp,y27Al -8.590MeV 11.01%
27A1p,y28Si -12.015MeV 100%
28Sip,y29P -2.847MeV 92.23%
29Sip,y30P -5.794MeV 4.67%
3OSip,y31P -7.542MeV 3.10%
31Pp,y32S -9.151 MeV 100%
32Sp,y33Cl -2.349MeV 95.02%
33Sp,y34C1 -5.298MeV 0.75%
34Sp,y35Cl -6.561 MeV 4.21%
35C1p,y36Ar -8.751 MeV 75.77%
37C1p,y38Ar -10.520MeV 24.23%
36Arp,y37K -1.909MeV 0.337%
4OArp,y4lK -8.004MeV 99.60%
39Kp,y4OCa -8.544MeV 93.26%
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4lKp,y42Ca -10.520MeV 6.73%
4OCap,y4lSc -1.112MeV 96.94%
42Cap,y43Sc -5.048MeV 0.647%
43Cap,y44Sc -6.850MeV 0.135%
44Cap,y45Sc -7.046MeV 2.09%
48Cap,y49Sc -9.820MeV 0.187%
45Scp,y46Ti -10.583MeV 100%
46Tip,y47V -5.281MeV 8.2%
47Tip,48V -6.976MeV 7.4%
48Tip,y49V -6.901MeV 73.7%
49Tip,y50V -8.112MeV 5.4%
5OTip,y51V -8.215MeV 5.2%
SOVp,ySlCr -9.710MeV 0.250%
S1Vp,y52Cr -10.713MeV 99.750%

5OCrp,y5lMn -5.380MeV 4.35%
52Crp,y53Mn -6.688MeV 83.79%
53Crp,y54Mn -7.706MeV 9.50%
54Crp,y55Mn -8.217MeV 2.36%
55Mnp,yS6Fe -10.374MeV 100%
S4Fep,y55Co -5.144MeV 5.8%
56Fep,y57Co -6.135MeV 91.8%
57Fep,y58Co -7.075MeV 2.15%
58Fep,y59Co -7.497MeV 0.295
59Cop,y6ONi -9.695MeV 100%
58Nip,y59Cu -3.477MeV 68.3%
59Cop,y6ONi -9.695MeV 100%
6ONip,y6lCu -4.872MeV 26.1%
6lNip,y62Cu -5.964MeV 1.13%
62Nip,y63Cu -6.224MeV 3.59%
64Nip,y65Cu -7.562MeV 0.91%
63Cup,y64Zn -7.831MeV 69.2%
65Cup,y66Zn -9.057MeV 30.8%
64Znp,’y650a -4.000MeV 48.6%
66Znp,y67Ga -5.351MeV 27.9%
67Znp,y68Ga -6.595MeV 4.10%
68Znp,y69Ga -6.706MeV 18.8%
7OZnp,y7lGa -7.981 MeV 0.62%
69Gap,y7OGe -8.650MeV 60.1%
7lGap,y720e -9.869MeV 39.9%
7OGep,y7lAs -4.690MeV 20.5%
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72Gep,y73As -5.742MeV 27.4%
730ep,y74As -6.949MeV 7.8%
74Gep,y75As -6.990MeV 36.5%
76Gep,y77As -8.100MeV 7.8%
75Asp,y76Se -9.641MeV 100%
74Sep,y75Br -4.289MeV 0.87%
76Sep,y77Br -5.341MeV 9.0%
77Sep,y78Br -6.221MeV 7.6%
78Sep,y79Br -6.418MeV 23.5%
8OSep,y8lBr -7.600MeV 49.8%
82sep,y83Br -8.827MeV 9.2%
79Brp,y8OKr -9.227MeV 50.69%
8lBrp,y82Kr -10.029MeV 49.31%
78Krp,y79Rb -4.115MeV 0.356%
8OKrp,y8lRb -4.874MeV 2.27%
82Krp,y83Rb -5.716MeV 11.6%
83Krp,y84Rb -7.141MeV 11.5%
84Krp,y85Rb -7.100MeV 57.0%
86Krp,’y87Rb -8.721MeV 17.3%
85Rbp,y86Sr -9.753MeV 72.17%
87Rbp,’ySSSr -10.726MeV 27.83%
84Srp,y85Y -4.539MeV 0.56%
86Srp,y87Y -5.831MeV 9.8%
87Srp,y88Y -6.790MeV 7.0%
88Srp,y89Y -7.148MeV 82.6%
89Yp,y9OZr -8.461 MeV 100%
9OZrp,y9lNb -5.216MeV 51.5%
9lZrp,y92Nb -5.913MeV 11.2%
92Zrp,y93Nb -6.105MeV 17.1%
94Zrp,y95Nb -6.887MeV 17.4%
96Zrp,y97Nb -7.546MeV 2.80%
93Nbp,y94Mo -8.584MeV 100%
92Mop,y93Tc -4.149MeV 14.8%
94Mop,y95Tc -4.944MeV 9.3%
95Mop,y96Tc -5.593MeV 15.9%
96Mop,y97Tc -5.748MeV 16.7%
97Mop,y98Tc -6.334MeV 9.6%
98Mop,y99Tc -6.573MeV 24.1%

lOOMop,ylOlTc -7.504MeV 9.6%
96Rup,y97Rh -3.806MeV 5.5%
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98Rup,’99Rh -4.682MeV 1.86%
99Rup,ylOORh -5.314 MeV 12.7%
100Rup,101Rh -5.524MeV 12.6%
lOlRup,ylO2Rh -6.172MeV 17.0%
102Rup,’103Rh -6.266MeV 3 1.6%
lO4Rup,ylO5Rh -7.110MeV 18.7%
lO2Pdp,ylO3Ag -4.183MeV 1.0%
lO4Pdp,ylO5Ag -5.004MeV 11.0%
lO5Pdp,ylO6Ag -5.860MeV 22.2%
lO6Pdp,ylO7Ag -5.850MeV 27.3%
lO8Pdp,ylO9Ag -6.545MeV 26.7%
1 lOPdp,y11 lAg -7.239MeV 11.8%
lO7Agp,ylO8Cd -8.206MeV 51.83%
lO9Agp,yllOCd -8.996MeV 48.17%
lO6Cdp,ylO7In -3.694MeV 1.25%
lO8Cdp,y1091n -4.604MeV 0.89%
llOCdp,ylllIn -5.418MeV 12.5%
lllCdp,y1121n -6.081MeV 12.8%
ll2Cdp,yll3In -6.109MeV 24.1%
lI3Cdp,y1141n -6.889MeV 12.2%
1 l4Cdp,y1lSIn -6.876MeV 28.7%
I l6Cdp,y1171n -7.568MeV 7.5%
1 131np,y1l4Sn -8.588MeV 4.3%
llSInp,yll6Sn -9.351 MeV 95.7%
ll2Snp,yll3Sb -3.088MeV 1.01%
1 l4Snp,yl l5Sb -3.754MeV 0.67%
1 l5Snp,y1l6Sb -4.320MeV 0.38%
1 165np,y1l7Sb -4.446MeV 14.8%
ll7Snp,yll8Sb -4.891MeV 7.75%
1 l8Snp,y1l9Sb -5.186MeV 24.3%
ll9Snp,yl2OSb -5.689MeV 8.6%
l2OSnp,yl2lSb -5.833MeV 32.4%
1 22Snp,y123Sb -6.627MeV 4.56%
124Snp,yl2SSb -7.382MeV 5.64%
l2lSbp,’y122Te -8.070MeV 57.3%
1 23Sbp,y124Te -8.654MeV 42.7%
122Tep,y1231 -4.986MeV 2.5%
123Tep,y1241 -5.526MeV 0.89%
124Tep,y1251 -5.700MeV 4.6%
125Tep,y1261 -6.226MeV 7.0%
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126Tep,y127I -6.255MeV 18.7%
l28Tep,y1291 -6.857MeV 3 1.7%
l3OTep,y131I -7.444MeV 34.5%
1271p,y128Xe -8.232MeV 100%

128Xep,y129Cs -5.059MeV 1.92%
129Xep,yl3OCs -5.495MeV 26.4%
l3OXep,yl3lCs -5.510MeV 4.1%
l3lXep,y132Cs -6.101MeV 21.2%
l32Xep,yl33Cs -6.144MeV 26.9%
l34Xep,yl35Cs -6.876MeV 10.4%
l36Xep,yl37Cs -7.482MeV 8.9%

l3OBap,yl3ILa -3.781MeV 0.106%
132Bap,y133La -4.543MeV 0.101%
134Bap,y135La -5.193MeV 2.42%
135Bap,’y136La -5.492MeV 6.59%
136Bap,y137La -5.657MeV 7.85%
137Bap,y138La -6.080MeV 11.2%
138Bap,y139La -6.246MeV 71.7%
139Lap,yl4OCe -8.204MeV 99.911%
1 36Cep,y1 37Pr -4.138MeV 0.190%
138Cep,y139Pr -4.585MeV 0.254%
l4OCep,yl4lPr -5.265MeV 88.5%
142Cep,y143Pr -5.882MeV 11.1%
141Prp,142Nd -7.277MeV 100%
142Ndp,y143Pm -4.305MeV 27.2%
143Ndp,’y144Pm -4.692MeV 12.2%
l45Ndp,yl46Pm -5.343MeV 8.3%
146Ndp,y147Pm -5.451MeV 17.2%
148Ndp,y149Pm -5.995MeV 5.7%

l5ONdp,y151Pm -7.039MeV 5.6%
I 44Smp,y145Eu -3.284MeV 3.1%
147Smp,y148Eu -4.287MeV 15.1%
I 48Smp,y149Eu -4.362MeV 11.3%
149Smp,yl5OEu -4.923MeV 13.9%
lSOSmp,yl5lEu -4.918MeV 7.4%
152Smp,ylS3Eu -5.926MeV 26.6%
1545mp,y155Eu -6.700MeV 22.6%
l5lEup,y152Gd -7.400MeV 47.9%
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lS3Eup,y154Gd -7.683MeV 52.1%
l52Gdp,y153Th -3.934MeV 0.20%
154Gdp,y155Th -4.850MeV 2.1%
l5SGdp,’y156Th -5.480MeV 14.8%
lS6Gdp,y157Th -5.558MeV 20.6%
l57Gdp,y158Th -5.94.6MeV 15.7%
lS8Gdp,y159Th -6.151MeV 24.8%
1606dp,y161Th -6.843 MeV 21.8%
159Thp,yl6ODy -7.481 MeV 100%
lS8Dyp,’ylS9Ho -4.373 MeV 0.100%
l6ODyp,yl6lHo -4.882MeV 2.3%
l6lDy p,yl62Ho -5.276MeV 19.0%
162Dyp,y163Ho -5.514 MeV 25.5%
163Dyp,’y164Ho -5.930MeV 24.9%
164Dyp,y165Ho -6.266MeV 28.1%
l6SHop,y166Er -7.365MeV 100%
l62Er p,y163Tm -3.730MeV 0.14%
164Erp,y165Tm -4.334MeV 1.56%
166Erp,’y167Tm -4.936MeV 33.4%
l67Er p,y168Tm -5.323MeV 22.9%
168Erp,yl69Tm -5.606MeV 27.1%
l7OEr p,yl7lTm -6.426MeV 14.9%
169Tmp,’170Yb -6.820MeV 100%
1 68Ybp,y169Lu -3.837MeV 0.135%
l7OYbp,yl7lLu -4.464MeV 3.1%
l7lYbp,y172Lu -4.770MeV 14.4%
l72Ybp,y173Lu -4.924MeV 21.9%
I73Ybp,g174Lu -5.347MeV 16.2%
174Ybp,g175Lu -5.537MeV 3 1.6%
176Ybp,g177Lu -6.210MeV 12.6%
175Lup,g176H1 -6.738MeV 97.39%
176Lup,g177H1 -6.826MeV 2.61%
174Wp,gl75Ta -3.892MeV 0.16%
176Wp,g177Ta -4.466MeV 5.2%
177Wp,g178Ta -4.959MeV 18.6%
178Wp,g179Ta -5.228MeV 27.1%
179H1p,gl8OTa -5.711 MeV 13.7%
180Wp,gl8lTa -5.968MeV 35.2%
181Tap,g182W -7.125MeV 99.9877%
180Wp,gl8lRe -4.092MeV 0.13%
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182Wp,g183Re -4.879MeV 26.3%
183Wp,g184Re -5.050MeV 14.3%
l84Wp,g185Re -5.426MeV 30.7%
186Wp,g187Re -6.028MeV 28.6%
185Rep,g186Os -6.508MeV 37.40%
187Rep,g188Os -7.248MeV 62.60%
186Osp,g187k -4.033MeV 1.6%
187Osp,g1881r -4.397MeV 1.6%
188Osp,gl89k -4.663MeV 13.3%
1890sp,g1901r -4.984MeV 16.1%
1900sp,g1911r -5.315MeV 26.4%
192Osp,g1931r -5.969MeV 41.0%
l9lJr p,g192Pt -6.909MeV 37.3%
193k p,g194Pt -7.562MeV 62.7%
192Ptp,g193Au -4.497MeV 0.78%
194Ptp,g195Au -5.140MeV 32.9%
195Ptp,g196Au -5.685MeV 33.8%
196Ptp,g197Au -5.845MeV 25.3%
198Ptp,g199Au -6.515 MeV 7.2%
197Aup,g198Hg -7.139MeV 100%
19611gp,g197Tl -3.822MeV 0.15%
198Hgp,g199Tl -4.487MeV 10.0%
199Hgp,g200T1 -4.816 MeV 16.8%
200Hgp,g201T1 -5.056MeV 23.1%
2OlHgp,g202T1 -5.765MeV 13.2%
202Hgp,g203Tl -5.730MeV 29.8%
204Hgp,g205Tl -6.4.46MeV 6.9%
203T1p,g204Pb -6.669MeV 29.5%
205Tlp,g206Pb -7.291 MeV 70.5%
204Pbp,g205Bi -3.264MeV 1.42%
206Pbp,g207Bi -3.571 MeV 24.1%
207Pbp,g208Bi -3.736MeV 22.1%
208Pbp,g209Bi -3.822MeV 52.3%
209Bip,g2lOPo -5.000MeV 100%

Informationon NaturalAbundancesis from LedererandShirley’s Tableof
Isotopes, 7thedn., 1978, aspublishedin KayeandLaby’s Tablesof
Physicaland ChemicalConstants, 15thedition.
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Thesereactionswereshownby KINREL to proceedfor a beamenergyof
2.500MeV; the reactionthresholdin column2 waspredictedby KINREL
accordingto conservationof energyand linearmomentum.
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