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Soonafterthe discovery of the neutronHeisenbeg publisheda theoryof the structureof nuclei
basedn exchangdorcesbetweemucleonsvhich hadsomevery nicefeaturesin Januaryl 933
Majoranacameto Leipzig with a fellowship to spendseveral monthsin Heisenbey’s Institute.
On arrival Majoranapointedout two weakpointsin Heisenbegy's theory It failedto accountfor
the strongbinding of the alphaparticle andit requireda strongly repulsive corein the nuclear
forceto avoid nuclearcollapse.Majoranaproposed new kind of exchangeorce which avoided
thesedifficulties andwrote a paperwhich was publishedat the beginning of March. His theory
was so satisfyingaestheticallythat it was acceptedmmediately This lecturewill analyzethe
origin, motivationandimpactof Majoranas theoryandgive someinformationabouthis stayin
Leipzig.
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1. Introduction

In 1931 nuclearstructurewas hardly understood. In the introductionto his book 'Atomic
nucleiandradioactvity’ Gamav [1] wrote that"In accordancavith conceptsof modernphysics
we assumehatall nucleiarebuilt up of elementaryparticles-protonsandelectrons”He assumed
alsothat one of the protonsand electronswere boundinto alphaparticles. He goeson to point
out someof the difficulties of this modelandlaterin the introductionhe said" The usualideasof
guantummechanicsabsolutelyfail in describingthe behaiour of nuclearelectrons."He decided
not to be distractedby this problem"For someunknavn reason,althoughthe electronsin the
nucleusbehae in a peculiarandobscureway, this doesnot affect very muchthe laws governing
the motion of the nucleara-particlesandprotons;we cantreatnuclearprocessefvolving only
a-particlesandprotonsindependentlyf the presencef the nuclearelectrons.

The situationchangeddramaticallywith the experimentsof Joliot-Curiewhich culminatedin
thediscorery of neutronby Chadwickin Feb1932.Very soonthereweresuggestionthatneutrons
weresomethindike protons.In April 1933lvanenio wrote "The chief point of interestis how far
neutronscanbe consideredselementaryparticles(somethindik e protonsandelectrons).”

In aseriesof threepapergublishedn 1932Heisenbeay put forwarda numberof ideaswhich
formedthe basisfor laterinvestigationof nuclearforcesandnuclearstructure.He suggestedhat
nucleiwerecomposeaf protonsandneutronsandthatnuclearstructurecouldbe describedy the
laws of quantummechanicsn termsof theinteractionbetweerthe nuclearparticles.

News of the Joliot-Curie experimentsreachedRomeat the beginning of 1932. Majoranas
colleaguesn Romerecalledthat he becameinterestedimmediatelyand guessedhat the Paris
grouphaddetectedhe neutronevenbeforethe conclusve experimentsof Chadwick.He wasable
to explain the structureof atomicnuclei by introducingan exchangeinteractionbetweenprotons
andneutrons.Fermiwasattendinga conferencen Parisin July 1932andsuggestedo Majorana
that he shouldmake an announcemerdibouthis theory Majoranadid not acceptthis offer. He
insistedthathis work wasnot readyfor publication.

After Heisenbay hadpublishedhis papersn the secondhalf of 1932Fermiwasableto per
suadeMajoranato go to Leipzig to discusswith Heisenbeay. At the endof 1932Majoranamade
anapplicationto the CNR (ConsiglioNazionaledi Ricerche)for a fellowshipto visit Leipzig and
alsoto take the opportunityto attendsomemeetingsin Germary and Denmark. He arrived in
Leipzigon 19thJanuaryl933.It seemghatHeisenbey wasvery impressedvith Majoranas work
on exchangeforcesand persuadedhim to publishit. On 18th of Februaryhe wrote to his father
that he hadfinishedthe paper It appearedn the Zeitschrift flir Physikon 3rd March 1933[2].
A few weekslater he publishedan Italian versionof the paperin 'La RicercaScientifica. This
wasa requiremenfor scientistavho hadmadea publicationwhile holding a fellowship from the
ConsiglioNazionaledelle Ricerche.

Alreadyby 1932mary nucleamassesndmassdefectshadbeenmeasuredWhentheneutron
cameon the scenebinding enegiesin the neutronprotonmodelcould easilybe obtainedfrom the
massdefects.The binding enegieswereratherconstanthroughthe periodictable. Nuclearradii
had also beenestimatedandit was known that they could be represente@dpproximatelyby the
formulaR O AY/3 whereA is the massnumber In Majoranas wordsnuclei seemto be composed
"of somesortof matterwith the samepropertief sizeandimpenetrabilityasmacroscopienatter
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Light andheavy nucleiarebuilt up of this matterandthe differencebetweerthemdependsnainly
ontheir contentof nuclearmatter".

Apart from binding enegies andsizesnot muchelsewasknowvn aboutnucleiwhenHeisen-
belg and Majoranaproposedtheir theories. The a-particle waswell knovn andin 1932 Urey
[5] andhis collaboratorgdiscoreredthe deuteron. Its spin was not measuredintil 1934 andthe
guadrupolenomentonly in 1939.Both Heisenbeg andMajoranaassumedhatthe neutron-proton
force wasthe maininteractionbetweemucleonsThe ideathatn-n, p-p andn-p interactionswvere
approximatelyequalwasnot suggestedintil 1936.

Majoranastayedin Leipzig until August1933. He madea visit of abouta monthto Copen-
hagenin March. Therehe hadthe opportunityto meetNiels BohrandPauli aswell asa numberof
otherprominenttheoreticalphysicists.

2. Heisenberg'stheory

In Junel932,just four monthsafter Chadwicks resultswere announcedHeisenbay's first
paper[3]waspublished.He suggestedhat,in analogywith the structureof the H ion, the origin
of force betweerprotonsandneutronscouldbeillustratedby imaginingthe exchangeof electrons
without spin which obey the laws of Bose-statisticsHeisenbeg’s papercontainsremarkablan-
sights. His modelis a precursotto Yukava’'s mesonexchangetheory It wasthefirst to introduce
isospinvariableswhich for Heisenbay werea cornvenientway to describethe exchangeprocess.
In his paperthe proton-neutrornnteractionwasthe maincomponentf the nuclearforce. Theidea
thatp-p, n-nandn-pforcesall hadthe samestrengthwasproposedy CasserandCondon[6] only
in 1936.

But Heisenbay's theoryhad several problemsone of which wasthe strongspin-dependence
of the interaction. The deuteronwas discoreredby Urey and his collaboratorg5] in 1932and
in his first paperHeisenbeay discussedhe deuteronbinding. With his choiceof the sign of his
interactionthe wave function of the deuteronwas symmetricin the isospinvariables,symmetric
in the spacecoordinateand antisymmetricin spin. Thus Heisenbay's theory predictedthat the
deuterorspinwasS= 0. Thisis incorrect,but its spin S= 1 wasnot measuredintil 1934. There
wasanotherdifficulty which wasalreadyapparentn 1933. Thetheorypredictedthatthe neutron-
protoninteractionwasattractie in a statewith spin S= 0 andrepulsve whenS= 1. In amary
particlesystenthe wave functionwassymmetricain theisospinvariablesandwasantisymmetric
for exchangeof the neutron-protorspace-spinvariables. Thusthe deuteronwas a closedshell
nucleusandnot the alphaparticle. Majoranapointedout that Heisenbey’s interactioncould not
accountfor thelarge binding of the alphaparticle.

Majoranadrew attentionto anothemproblemwith Heisenbeag's theoryfor nuclearmatter Be-
causeof the symmetryof the wave function the nuclearbinding would becomevery large for a
heary nucleusfor a purely attractve neutron-protorpotential. IndeedHeisenbeay found that the
effective potentialU (r, — r,) mustbestronglyrepulsve for smallseparationi orderthatthe nu-
clearmattershouldbe stablewith a constantensity thatis in orderthatthe nuclearforce should
saturate.
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3. Majorana’s exchange force

WhenMajoranaarrivedin Leipzig he seemedo have a very positive impressiorof the town
andof the PhysicslInstitute. He wrote to his motheron 22 Januaryl933that he hadalreadyhad
alongdiscussiorwith Heisenbgy. Inglis from Americawasanotheryoungvisitor. They hadmet
in RomeandInglis shaved him aroundthe town. MajoranaandHeisenbay musthave discussed
the exchangeheoryof nuclearforcesduringthosefirst days.Heisenbey’s third paperf4] wasnot
publishedwhenMajoranaarrivedin Leipzig. In afootnotehe" thanksProfessoHeisenbeg very
muchfor beingableto seehis paperbeforeit waspublished". Theremusthave beenvery intense
discussiondetweerthem. Heisenbeg recognizedhe advantageof Majoranas theoryandurged
him to publishit. Thepapemwasfinishedquickly andcameoutjustafew weekslateron 3rd March
1933[2]. In orderthatMajoranacouldfinish the paperso quickly he musthave hadthe detailsof
his theoryworked outwhenhearrivedin Leipzig. He only hadto addsomethingaboutits relation
to Heisenbay's theory Thisis consistentvith therecollectionof hscolleaguesn Rome.

Thefirst partof thepaperdiscussedieisenbay’s theoryandpointedout someof its limitation-
s. Both MajoranaandHeisenbeg hadthe samegenerabpictureof the structureof nuclei. Majorana
wrote: Onthe contraryit seemsasthoughnucleiconsistof ratherindependentomponentsvhich
interactonly on immediatecontact,thatis a sort of matterwith the samepropertiesof sizeand
impenetrabilityasmacroscopienatter Light andheary nucleiarebuilt up of this matterandthe
differencebetweerthemdependsnainly on their differentcontentof "nuclearmatter".

Heisenbeg hadto assumeepulsve forcesbetweemeutronsandprotonsin orderto obtainthe
desiredratio betweenthe numberof particlesan the nuclearvolume. Majoranathoughtthat this
wasa weaknes@ndwrote that: "Sucha solutionwould be aestheticallyunsatisctory however,
sincewe would not only have attractive forcesof unknawvn origin betweenthe particles,but also
at shortdistancesrepulsie forcesof enormousnagnitudecorrespondingo a potentialof several
million volts".

Anotherweaknes®f Heisenbay's interactionwasits spin dependenc&hich was attractie
for antiparallelspinsandrepulsve for parallelspins.Majoranawrotethatthisinteractioncouldnot
accountfor thelarge binding of the a-particle. Majoranalooked for anothersolution: "How can
we obtaina densityindependentuclearmasswithout obstructingthe free movementof particles
by an artificial impenetrability?".His ideawasto assumean exchangeforce which dependsonly
onthepositioncoordinate®f a neutronanda protonandnot on their spin. In modernterminology
theinteractionis written as

Vin(r) = J(r)Pm

wherePy, is the Majoranaoperatorwhich exchangeghe positionof a protonanda neutron. This
interactionis spinindependent and.in the a-particle,eachprotoncaninteractwith 2 neutronsand
vice-versa.Thetheorycouldaccountor thelarge binding of the a-particlecomparedwith thatof
the deuterorand®He. Majoranawrote that, becausef the Pauli principle "we may expectthat,in

LIn contrastto Majoranas interactionthe Heisenbeg force,in modernnotation,hastheform
Vi (r) =34(r)PnPs

whereP, exchangeshespinof aprotonanda neutron.This interactionhasthe oppositesigndependingon whetherthe
neutron-protorspinsareparallelor anti-parallel.
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agreementvith experimentsjn heary nucleithe massdefectpernucleonwould not be noticeably
biggerthanthealphaparticle". He wrotealsothathewouldtreatthe neutronandprotonasdifferent
particlesandso "eliminatethe troublesomep-spincoordinates”(The p wasHeisenbeg’s symbol
for theisospinvariable.)This wasa big simplificationandwasvery sensibleatthetime. Although
Heisenbey hadinventedthe isospinnotationit did not correspondo ary symmetrybecausée
only consideredheutron-protoriorces.
Majoranashavedthatthe high densitylimit the potentialenegy pernucleonis
Z
Voo = 22+—NJ(0)
if theprotonnumberZ is lessthanthe neutronnumberN with a similar expressionf Z > N. Here
J(0) is thestrengthl(r) of the neutron-protorexchangepotentialevaluatedatr = 0. The potential
enegy in Majoranas theoryis negative anddecreasemonotonicallyasa function of densityto a
finite limit. Thekinetic enegy is positve andincreasesvithout limit with the density Thusthe
total enegy hasa minimum. The strengthandthe rangeof the exchangeforce canbe adjustedo
reproducethe equilibrium binding enegy and densityof nuclearmatter Majoranas theory had
solved the saturationproblemwithout having to postulatea strongrepulsionfor small neutron-
proton separations.The theory was so satisfyingaestheticallythat it was acceptedmmediately
and,with modificationsjt wasthe basisfor discussingiuclearbindingenegiesfor mary years.

4. Subsequent developments

In 1936Bethewrote a seriesof threereview articleson nuclearstructureandreactionsvhich
areausefulreferenceeventoday In thefirst of thes€g7] long sectionsveredevotedto the nuclear
forceandto the structureof the deuteronthe a-particleandhearier nuclei.

Bethes papercontainsmary detailedcalculationsin section20, he assumed Gaussiarnra-
dial form for the interactionand found setsof parametersvhich fitted the binding enegies of
the deuteron®He and“He with only neutron-protorforces. The calculationsusedthe Majorana
exchangeinteractionand a variety of simple variationalwave functions. Laterin section24 he
gave resultsof calculationsof nucleamatterwith the statisticalmodel(Hartreemethod)but found
a problem:the binding enegy wastoo small. In a similar way it waspossibleto find parameters
whichfittedthenucleamatterbindingenegy anddensity;but thenthebindingenegy of thealpha
particlecomesout to be muchtoo large. Thusa simplemonotonicform for theradialdependence
couldnotfit thebindingenegiesof light nucleiandnuclearmatter

Evidencefor exchangeforcesemegedin neutron-protorscatteringexperiments. Exchange
forcesinterchangeahe natureof the particles. An incoming neutronwhich tendsto continuein
the forward direction becomesa proton and the neutrontendsto be scatteredn the backward
directionin the centerof-masssystem. Experimentsat Berkeley [8] in 1949 shaved a forward
and a backward peakof similar magnitudewhich confirmedthat the neutron-protorinteraction
containeda strongexchangecomponent.

We know now that the nuclearforce is much more complicatedthan the one assumedy
Majorana. Onevery importantqualitative resultwhich emegedfrom nucleon-nucleorscattering
experimentds the existenceof a repulsve corein the nucleon-nucleotinteraction.It wasonly in
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1951thataninterpretatiorof someexperimentsdy Jastrav [9] suggestethatHeisenbeay's original
ideaof ahardcoremightbecorrect.Subsequergxperimentshavedthattheproton-protors-wave
phaseshift changegrom positive to negative at about250 MeV laboratoryenegy. This resultis
inconsistentwith a force which is attractve for all separationsand shavs that theremustbe a
repulsve corewith aradiusof about0.5fm. Thiscoreis importanttogethemwith exchangeorces,
for explainingthe saturatiorof nuclearforces.

In fact one shouldnot try to fit the deuterontogetherwith 3He and “He becausehe tensor
force makesanimportantcontritution to the binding enegy of the deuterorwhile in meanfield
theoryit contritutesnothingto the binding enegy of *He and*He. The existenceof the tensor
forcewasnot known until muchlater. It waspredictedoy Yukava (1938)andKemmer(1938)and
the predictionwasverified by the measuremenif the deuteromuadrupolenomentby Kellog and
his collaboratorsn 1939[10].

5. Majorana’slegacy

Majorana’ mostimportantlegag for the developmentof nuclearphysicswashis demonstra-
tion that symmetryof the nuclearforce playeda vital role in determiningits effect on nuclear
structure His force andthe oneof Heisenbay madevery differentpredictionsaboutnuclearbind-
ing becaus®f their differentsymmetryproperties.

Anotherlegag washis useof the meanfield methodto calculatenuclearproperties.During
the pasthalf-centurythe meanfield method,bothin its non-relatvistic andrelativistic forms, has
beenvery importantfor calculatingbothdynamicandstaticeffectsin nuclei.
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