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Helium atom

Helium atom

Identifiers

CAS number 7440-59-7 [1]  

PubChem 23987 [2]

ChemSpider 22423 [3]  

EC number 231-168-5 [4]

UN number 1046

KEGG D04420 [5]  

MeSH Helium [6]

ChEBI CHEBI:33681 [7]  

RTECS number MH6520000

ATC code V03 AN03 [8]

Gmelin Reference 16294

Jmol-3D images Image 1 [9]

Properties

Molecular formula He

Molar mass 4 g mol−1

Appearance Colourless gas

Boiling point -269 °C, 4 K, -452 °F

Thermochemistry

Standard molar
entropy So

298

126.151-126.155 J K-1 mol-1

Hazards

S-phrases S9

   (verify) [10] (what is:   /  ?)
Except where noted otherwise, data are given for materials in their standard state (at 25 °C, 100 kPa)

Infobox references

This article is about the physics of atomic helium. For other properties of helium, see helium.

A helium atom is an atom of the chemical element helium. Helium is composed of two electrons bound by the
Coulomb force to a nucleus containing two protons along with either one or two neutrons, depending on the isotope,
held together by the strong force. Unlike for hydrogen, a closed-form solution to the Schrödinger equation for the
helium atom has not been found. However, various approximations, such as the Hartree-Fock method, can be used to
estimate the ground state energy and wavefunction of the atom.

http://en.wikipedia.org/w/index.php?title=CAS_registry_number
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Introduction
The Hamiltonian of helium, considered as a three-body system of two electrons and a nucleus and after separating
out the centre-of-mass motion, can be written as

where is the reduced mass of an electron with respect to the nucleus, and are the

electron-nucleus distance vectors and . Consider so that and the mass

polarization term disappear. The Hamiltonian in atomic units (a.u.) for simplicity is given by

The presence of the electron-electron interaction term 1/r12, makes this equation non separable. This means that
can't be written as a single product of one-electron wave functions. This means that the wave function

is entangled. Measurements cannot be made on on one particle without affecting the other. This is dealt with in the
Hartree-Fock and Thomas-Fermi approximations.

Hartree-Fock Method
The Hartree-Fock method is used for a variety of atomic systems. However it is just an approximation, and there are
more accurate and efficient methods used today to solve atomic systems. The "many-body problem" for helium and
other few electron systems can be solved quite accurately. For example the ground state of helium is known to
fifteen digits. In Hartree-Fock theory, the electrons are assumed to move in a potential created by the nucleus and the
other electrons. The Hamiltonian for helium with 2 electrons can be written as a sum of the Hamiltonians for each
electron:

where the zero-order unperturbed Hamiltonian is

while the perturbation term:

is the electron-electron interaction. H0 is just the sum of the two hydrogenic Hamiltonians:

where

En1, the energy eigenvalues and , the corresponding eigenfunctions of the hydrogenic Hamiltonian will
denote the normalized energy eigenvalues and the normalized eigenfunctions. So:

where

http://en.wikipedia.org/w/index.php?title=Hamiltonian_%28quantum_mechanics%29
http://en.wikipedia.org/w/index.php?title=Many-body_problem
http://en.wikipedia.org/w/index.php?title=Ground_state
http://en.wikipedia.org/w/index.php?title=Hamiltonian_%28quantum_mechanics%29
http://en.wikipedia.org/w/index.php?title=Eigenvalue


Helium atom 3

Neglecting the electron-electron repulsion term, the Schrödinger equation for the spatial part of the two-electron
wave function will reduce to the 'zero-order' equation

This equation is separable and the eigenfunctions can be written in the form of single products of hydrogenic wave
functions:

The corresponding energies are (in a.u.):

Note that the wave function

An exchange of electron labels corresponds to the same energy . This particular case of degeneracy with

respect to exchange of electron labels is called exchange degeneracy. The exact spatial wave functions of
two-electron atoms must either be symmetric or antisymmetric with respect to the interchange of the coordinates 
and of the two electrons. The proper wave function then must be composed of the symmetric (+) and
antisymmetric(-) linear combinations:

This comes from Slater determinants.

The factor normalizes . In order to get this wave function into a single product of one-particle wave

functions, we use the fact that this is in the ground state. So . So
the will vanish, in agreement with the original formulation of the Pauli exclusion principle, in which two

electrons cannot be in the same state. Therefore the wave function for helium can be written as

Where and use the wave functions for the hydrogen Hamiltonian. For helium, Z = 2 from

where E a.u. which is approximately -108.8 eV, which corresponds to an ionization potential V 

a.u. ( eV). The experimental values are E a.u. ( eV) and V a.u. (
eV).

The energy that we obtained is too low because the repulsion term between the electrons was ignored, whose effect
is to raise the energy levels. As Z gets bigger, our approach should yield better results, since the electron-electron
repulsion term will get smaller.
So far a very crude independent-particle approximation has been used, in which the electron-electron repulsion term
is completely omitted. Splitting the Hamiltonian showed below will improve the results:

where

and

http://en.wikipedia.org/w/index.php?title=Schr%C3%B6dinger_equation
http://en.wikipedia.org/w/index.php?title=Degeneracy_%28quantum_mechanics%29
http://en.wikipedia.org/w/index.php?title=Exchange_degeneracy
http://en.wikipedia.org/w/index.php?title=Antisymmetric
http://en.wikipedia.org/w/index.php?title=Slater_determinants
http://en.wikipedia.org/w/index.php?title=Pauli_exclusion_principle
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V(r) is a central potential which is chosen so that the effect of the perturbation is small. The net effect of each
electron on the motion of the other one is to screen somewhat the charge of the nucleus, so a simple guess for V(r) is

where S is a screening constant and the quantity Z_e is the effective charge. The potential is a Coulomb interaction,
so the corresponding individual electron energies are given (in a.u.) by

and the corresponding wave function is given by

If Ze was 1.70, that would make the expression above for the ground state energy agree with the experimental value
E0 = -2.903 a.u. of the ground state energy of helium. Since Z = 2 in this case, the screening constant is S = .30. For
the ground state of helium, for the average shielding approximation, the screening effect of each electron on the
other one is equivalent to about of the electronic charge.[11]

Thomas–Fermi method
Not long after Schrödinger developed the wave equation, the Thomas–Fermi model was developed. Density
functional theory is used to describe the particle density , and the ground state energy E(N), where N
is the number of electrons in the atom. If there are a large number of electrons, the Schrödinger equation runs into
problems, because it gets very very difficult to solve, even in the atoms ground states. This is where density
functional theory comes in. Thomas-Fermi theory gives very good intuition of what is happening in the ground states
of atoms and molecules with N electrons.
The energy functional for an atom with N electrons is given by:

Where

The electron density needs to be greater than or equal to 0, , and is convex.

In the energy functional, each term holds a certain meaning. The first term describes the minimum
quantum-mechanical kinetic energy required to create the electron density for an N number of electrons. The
next term is the attractive interaction of the electrons with the nuclei through the Coulomb potential . The
final term is the electron-electron repulsion potential energy.[12]

So the Hamiltonian for a system of many electrons can be written:

For helium, N = 2, so the Hamiltonian is given by:

http://en.wikipedia.org/w/index.php?title=Thomas%E2%80%93Fermi_model
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Where

yielding

From the Hartree-Fock method, it is known that ignoring the electron-electron repulsion term, the energy is 8E1 =
-109 eV.

The variational method
To obtain a more accurate energy the variational principle can be applied to the electron-electron potential Vee using
the wave function

:

After integrating this, the result is:

This is closer to the theoretical value, but if a better trial wave function is used, an even more accurate answer could
be obtained. An ideal wave function would be one that doesn't ignore the influence of the other electron. In other
words, each electron represents a cloud of negative charge which somewhat shields the nucleus so that the other
electron actually sees an effective nuclear charge Z that is less than 2. A wave function of this type is given by:

Treating Z as a variational parameter to minimize H. The Hamiltonian using the wave function above is given by:

After calculating the expectation value of and Vee the expectation value of the Hamiltonian becomes:

The minimum value of Z needs to be calculated, so taking a derivative with respect to Z and setting the equation to 0
will give the minimum value of Z:

This shows that the other electron somewhat shields the nucleus reducing the effective charge from 2 to 1.69. So we
obtain the most accurate result yet:

Where again, E
1 

represents the ionization energy of hydrogen.

http://en.wikipedia.org/w/index.php?title=Variational_principle
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By using more complicated/accurate wave functions, the ground state energy of helium has been calculated closer
and closer to the experimental value -78.95 eV.[13] The variational approach has been refined to very high accuracy
for a comprehensive regime of quantum states by G.W.F. Drake and co-workers[14][15][16] as well as J.D. Morgan III,
Jonathan Baker and Robert Hill[17][18][19] using Hylleraas or Frankowski-Pekeris basis functions. It should be noted
that one needs to include relativistic and quantum electrodynamic corrections to get full agreement with experiment
to spectroscopic accuracy.[20][21]
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3.。ⅡantⅡⅢ mechaΠ︳cs㏑ pUstⅡ︳ationa︳ fUrm

WearenUwpreparedtUpresentthebasicpUstulatesUfquantummechanics.

CUmpIemeΠ t肝︳typU§ 6田㏑6㏄

PUS幼 ta比 J.ThestateUfaphy“ calsystem isrepreseⅡtedbyavectUr lket)in

alincarvcctUr spaceUfinrlnitelyInanydinensiUns.

WcshalImakethefUllU∥ ︻ⅡgexplanatUryremarks:

(1) InviewUfthcunceftaintyrelatiUn,itis nUtpUssibletUdeflne,asindassical

dynam㏑s,thestateUfas玶tembyspedㄅingthccUUr山natesandmUmcnta
UftheparticlesatanygiVeniⅡ stantUftiIne.

φ) AvectUr(ket)is tUrepresentastatetUallUwthesuperpUsitiUnUfstates.
ByhypUthesisUnlythedircctiUn(nUtthc∫ εη∫εSuChasthe“ arrUw’)butnUt
its length,deΠnesastate.ThusInultipIyingaketbyanycUnstaIltdUesnUt

IeadtUadiIerent state

l3)ThevectUr spaceUfinflnitelymanydimen㎡ Uns isanabstract space,and

nUtthecUnrlgurajUn spacenUrthemUmentun】 spaccUftheparticIesUfa
system.

(4) ThechangesUfthestateUfasysteInarcrepresentedbychangcsin theket.

TheNewtUnianequaIUnsUfInUIUnarereplacedbyanequaIUnfUrthe

changcUftheketUfasystem.

PU∫t“Ja比 If.  Al1 physical quanjⅡ es (“ Ubservable『〕 arc represented by
lincarhe1Ⅲ㏑tianUperatUrs,which,actingUnthestatevectUr(ket>change
thestateUfasystem.         ′

(1)Linea㎡ tykassumedfUralineartheUryin thestatevectUrs tUallUwfUr

superpUsi● UnUfstatevectUrs.

(2) He一 11IjanUperatUrsareemplUyedbecausehcrⅡ ItianUperatUrshavereal

eigenvalues.ReaIcigenvaIuesarcneededUnaccUuntUfanUtherbasicpUstu-

Iatewh沁 hcUnnects theInathemaIcalfUrmal心 m lthisandthepreceding



pUstulate)withP方J,s5∫——theresultUfphysicaIUbservauUns(seePrUbabⅡ ity

PUstulatein thefUllUwing).

(3) 
′
ΓhechUiceUftheeigenvectUrsUfanUbservableasthebasis setUfvectUrs

immediatelyleadstUthecUnceptsUfrepresentatiUnsandtransfUrmatiUnUf

representajUns.TherequirementUfinVarianceUftheherΠ I●ancharactUrUf

UperatUrs leadstUunitarytransfUrmatiUns.

(4)ThetransfUrInaⅡ UntheUryandthePrUbabilΠ yPUstuIate(seeIVbelUw)

b㎡ldupQuantumMecha㎡ cs intUacUherent system.

PUsta︳ atε Iff.Theherrn丘 ianUperatUrSfUrthecUUΓdinateη andthecU句 u＿

gatemUmentum(nthesenseUfclass沁 aldynam沁 slUbeythecUmmutatbn
relatiUn

pa一 口P=‘ 1.

I

(V-99)

(1) This reIatiUn, cUntaining the Planck cUnstant 乃, causes the system Uf

quantummechanicstUhaveafundamentalbreakwithclassicalphysics.

(2) TUgetherwiththePrUbabilityPUstulate(thatcUnnects theabUveInathe-

maticalfUrmalismwithphysics),ileadstUtheuncertaintyrelatiUn.

(3) Inthis sense,it【 nayberegardedasthemathematicalexpressiUnUfthe

Einstein-deBrUgIereIatiUns.

“°It〝 amathemat托 alexpressiUnUfthecUnccptUfcUmplementari● .

(5)ThecUmmutatiUnrelatiUn(V-99)maybetakentUbeabasicpIndplein
quantummechanics.ThcpUstulatesIandIIhavebeenInadefUΓ thecUnstruc-

tiUnUfaInathematicalsystemtUcUpeWiththenUn-classicalcUmInutatiUn

relatiUn

TheabUvethreepUstulateSareessentiallyUfamathematicalnatureand

havenUrealcUntactwiththeresultsUfphysicalmeasurementS.ThiscUntact

is prUvidedbythePrUbabilityPUstulate

PU∫ t” tatε I/  Whenameasurement isInadeUΓ aphysicalquanⅡ ty(repre＿

sentedbytheherⅡ itianUperatUr@)Unasystem inastatefepresentedbya

VectUr｜ a>,theexpectaⅡ Unvalueisgivenby

<@>=<aU｜ a>, (V-lUU)

(1) This pUstulatecUntains themain physicalcUntentsUfthctheUry;fUr it

makestheUretical statementsUftheresultUfexpe● mentalIncasurements.

(2) If｜ a>isaneigenstateUf@,say｜ a>=︳ a又>9thentheexpectajUnvalueUf
theIneasurement is



<U>=<ak｜ @〡 a【>=aKa比 〡al>

=ak,                    (V-lU1)

i.e., in this case, the measurement 〝λll dcΠnitely yield, with cert缸 nty, the

dgenvaluealUf@.

(3) If｜ a>in(V-1UU)isanarbitrarystatc,itcanbeexpandedin thecUmplete

setUfeigcnketsUΓ @,

(V一 1U勾

and

and

<@> (V-1U3)

This statcsthattheresuItUfmcasurement is nUtadeflnitcUneUftheeigen-

Values,nUtan in-betweenvalueUftheal’ s,butUKθ Ufa11thea小 eachUfwhich

maycUmeUutwithaprUbabiI丘 y︳ <a︳ηk>〡
2.TheprUbabilitiesthemselvesarc

deΠniteenUugh,astheyaregivenby(V-1U3)butthetheUrydUesnUttellwhich

U刀εUftheal’ swⅡlaε t“allvcUmeUutfrUIntheIneasurement.

(4) Itis mUstⅡ npUrtanttUnUtethatthenatureUfthis prUbabilitydistributiUn

｜<a｜ 羾>︳

2,fUrvariUus比
,

isbasicalIydifferentfrUΠ1that inclassical statisticaIphysics.Inthelatter,

prUbabilityis intrUduced,whendeahngwithanextremelylargenumberUf

mUIecules,asasubstitutefUrtheexact knUwledgewhichexits in principlc.In

quantuIn lncchanics,evenfUrUneatUm,apreciseknUwledgedUesη Utexist

andprUbabilityisUfan intrinsicnature.

FUrthis reasUn,quantummechanicsdifersfrUmclassicalphysics inabasic

way.

侈) ThenUnemayaskWhysuchaprUbabilitycUnccpt is necessary.FUrUne
thing,sincetwUnUn-cUInInutingUperatUrsdUnUthaveslnuItaneUuseigen-

kets,this pIUbabilitypUstulate(emplUyedin thederivatiUnUftheuncertainty

relatiUn)fUrmsatleastaε Uη∫你tU〞ttheUryfrUmthepUintUfv始 wUfthe
a,.∫ε乃a“ J比方thUught＿expehments inIIeiseⅡ berg’ sdemUnstratiUnUftheuncer-

taintyrelatiUnUntheEinstein-deBrUgliereIajUns.
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(6)AmuchdeeperandmUredifrlcult questiUnkwhether it is pUssibletU

aSsumetheexistenceUf“ hiddenvariables” andtheprUbabilitycUnceptarises

astheresultUfasUrtUfaveragingUverthUsehiddenVariables.mIfthis is the

case,theprUbabilitywi11nUtbe“ intrinsic” buthasthesameclassicalIneaning

FrUmtheexperhnentalpUintUfview,whenImeasurementsarcmade,nUt

UnUneatUIn,butUnalargenumberUfatUms,it is nUtpUssibletUdistinguish

betweenthetwUkindsUfprUbabilities.ThequestiUn isaphiIUsUphicalUne——

UnecUncerningthcnatureUfquantummechanicsThecUnceptUfan intrinsic

prUbabilityis repugnanttUsUmephilUsUphersUfscience;theInUst prUΠ Inent

UneshavebeenIInstein,PlanckanddeBfUglie.Theques“ Unhasbeen studied

by vUn Neumann and the answer secms tU be that an interpretatiUn Uf

prUbabilityin termsUfhiddenvariabIes is incUnsistentin thepresent system

Ufquantummechanics.Weshall nUtgUintUthisdeepquestiUn,buttefertU

areviewUfcritical studiesbyBeIinfante.

ThefUurpUstulatesabUvehavenUt includedcUnsideratiUns regardingUΓ

thechangeUfasystem in tiIne.FUrthiS,aseparatepUstulateisfurnishedby

theSchr。 dingerequa伍 Un:

PU∫ t銘 !atε /  ThechangcUfthestateUfaphysicalsystem in timeisgUverned

bytheequatiUn

珜磊阢→=川Φ,

=U, (V-1U4)

wherc叮ㄍη,t)is therepresentative<a,t｜ a,t>Uf｜ a,t>in thca-representatiUn.

(1) 
「
Γhisequa“UniSan independent pUstulate,unliketheSchrδ dingerequa-

tbnfUrmUmentum,(V-6Θ

whichcanbederivedfrUmthecUmmutatiUnrelatiUnpa一 ap=乃 /工
Unthe

transfUrmatiUntheUry

mIntheclassicaIkine石 ctheoryofgasos,tho“ hiddenva㎡ ab︳ es’
’
己rethecoordin日 t。Sandm°monta

oΓ theindividuaImo︳ ecuIes.Withthesevar︳ abIes,thedyⅡ amicaltheo【 yisadcte㏕ nis●coΠ e;

but onaveia區 ng。ver,andthereFUresuppressing,thesevaHabIes,thetheoryworkswithprobabIe
vaIues.
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(2)IncIassicaldynamics,thetimevaHabIetandtheenergy(HamiltUnianlH

fUl11︳ aⅡybehaveasap茁 rUfcanUn沁 aIcU薊 ugatevahabIes(t,一 II1.ItΠ Ight

thenbethUughtthat,ana】 UgUuslytU(〞 ,p方 acUΠlIⅡ uta“UnrelatiUn

出 一 田 =一 l

︳

(V-1U9

(V-1U8)

eXists, and ifsU, then Une may havc a ●me representaIUn in which the

he一 11ItianUpeIatUrsare:

H= (V-1U°

andanenergyrepresenta6Un inwhichthehe一 ⅡIitianUperatUrsare

(V-1U7)

ButftwUhermitianUpeIatUrsHandtc蒞 st thatsatisㄅ thecUmmutatiUn

relajUn (V-1U5), 丘 can be prUved that, ifE口 , ψ口 afe the eigenvalue and

eigenvectUrUfIf

Hψ.=E口ψ‘,

Hφ
破 戶

叱 )=(E口 一 句 φ
淑 〞

晚 ),

i.e., Ea一 ε iS the eigenvaIue of工 r, fU了 arbitrary, reaI Valuc ofε , with the

dgenvectUrθ
缸/加

ψ〞.nAsε is reaIandarbitrary,itfUI1° ws亡hatHhasacon-

JnuUus spectrumUfe塘 envalueSextendingfrUm一
。

UtU十 c° .Butthis is nUt

trueUfsystemsingeneral;infactnegauvcinΠ nitetUtalenergyisunphysica1.

AlsUsystemscxistwhUseenergyspectrum is nUtcUntlnuUuS.

ThusnUhel11litianUperatUrtexistswhichsatisrlesacUmmutatiUnrelatiUn

like(V-1U9.° FUrthis reasUn,it is nUtpUssibletUderivetherclatiUns(V-1U‘ >

(V-1U9lfrUmafelajUn like(V-lU5).

TheSchr°dingerequa● Un(V-1U4)Inust thenbcbasedUnadifferent lineUf

arguments.

InSec.2,(V-98),it is seenthat

=aherIn丘ianUperatUf

a
一

仇

.
仍

一
t
t

一

θ
一鈕

拓
”
t
t

=H

then

′

一疪
乃

n銋ePrUu7atthe㎝ d㎡ Chau既 跐 2AlsU§
til君 Ha㏕加 山 &r物 “hBd2毛 2nded

°Thiswas pointed°ut byW PaulI inhisa∴

(Sp● nger＿ Veflag,H由 delberg,19331,
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UzU〞 t口〞 Met加 π′∫rCε〞?Γa′ 肋 θUr9

Hence丘 is reasUnabletUpU“v地 tε (V-1U6lp

237

(V-lU9)

andhencetheSchrδ dingerequatiUn(V＿ 1U4).

(3) TheSchrδdingerequatiUn(V＿ 1U4)

仔磊十●Ψ〈竹。
=U

isaflrst-UrderdJ㏑renjaIequajUn in t,butsecUnd＿ Urderwithrespect tox,
v,z Thus itsfUrIn is nUtLUrentzcUvariant.Attcmpts tUhavearelaⅡ vis伍c
waveequajUnhavebeenmade.qThesearetheKlein＿ GUrdanequatiUnand
the】)iracequatiUn

(4)AnargumentfUfanequatiUnwhichisUftheflrstUrderinU/Ut isasfUIlUws.

FrUmthenUrInaliza由 Un

Unehas

(V-l1U)

TUsUlvean initialvalueprUbleInUfanequatiUnUfflrstUrderina/U方 Unehas
tUspedㄅ Ψ att=t。 FUrasecUndUrder inU〃九,it is necessarytUspedㄅ Ψ

andUΨ/θtatr=tU,but(V-11U)dUesnUtallUwarbitraryΨ andUΨ/Ut.

(5)TheSchr。 dingercquatiUn(V＿ lU4)deterrninesHr(a,rlin thecUurseUfIme

cUmpletclydeterminisⅡ ca1ly,andhencetheprUbability〡 ‵〃(a,U︳ 2,butUnlythe

prUtat〃9tvdistributiUn,andnUttheactualUutcUmeUfanexperinent!Une

maysaythatquantummechanics isa“ causaltheUryUfprUbabiljjes’ ’

(6) Thereare “cUnstantsUfInUjUn” UftheSchr° dingerequatiUn. FUrcx-
ample,takeasystemwithcentralsymInetry,i.e.,theHaΠliltUnianHis invari＿

antunderpahtyUperatiUn(inversiUnwithrespecttUacenter,seeChap.3,

Sec 4,(3>(III-115)一 (III-12U))Ifatan instant tUtheparityUfthestateUfthe

system isε oθ孔 theparitywil1remainθvθηin tilne,ifthesystcm is not perturbed

byexternalflelds,suchaselectrUmUgneticflelds

pTh必 ls thevIewofDlracinT方 θPrjηεjp厖∫orU〞 a〞 t“用Mθε乃a,11cs,Sec27,4thEd(C】 arendon
P了 eSS,UxfUrd,1958)
qSeereferences toSchrδ dinger,Klein,GofdoΠ ,deBrog】ieandFockattheendoΓ Sec 3 of
Chap 3
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AsanUtherexample,takeanatUmwithtwUelectrUns,suchasheIium,whUse

Han〕 iltUnian is syiⅡ ⅡetricwithrespecttUtheinterchangeUfthetwUelectrUns.

Thcspacepart● .e.,withUutthespins)UfthewavefunctiUnUfthetwUelectrUns

maybesymmetricUrantisymmetIicwithrespecttUⅡ Is interchange,(althUugh

thetUtalwavefunctiUn incIudingbUththespaceandthespin partsInustbe

antisymInetric,accUrdingtUPauli’ spfinciple,whichcUnstitutesanUther inde-

pendent pUstulate).ratUneinstant thestate心 symmetric,Ⅱ 如ssymmetrywill
remain unchangedin tiIne when the statechanges in accUrdance with the

Schrδ dingerequatiUn,prUvidedthesystem is nUtperturbedbyexternalFlelds

affectingtheelectrUn spinS.

Such“ cUnstantSUfmUtiUns’
’
areeSsentiaⅡ ythecUnsequenceUfthesymme-

tryprUpertiesUfthesystem.

19)FUrsystcmswhUseHamiltU㎡ anH心 nUtexpl比 it玗 afunctiUnUftime,then

theassumptiUnUfthefUrm

眑,U=ψΠωexp(一午)

leadstUthetine-independentSchrδ dingercqua● Un

(H(a,ω 一E田)ψⅡ(〞)=U

WehaveseenafewexamplesUfthisequaIUn inChap 3

sUthattheeigenvalueUfP2
tUthem,thefuncHUnψ (1,砂

UranjsyΠ lInethc,i.e.,

(V-1l1)

(V-l12)

InsubsectIUn(6)abUve,weInentiUnedthatfUrasystemcUntainingidenticaI

partjclcs, there is thequestiUn UfthesyⅡ ⅡnetryUfthc state vectUr, Ur itS

representativeψ (η 1,a2,a3,.‥ ):ncUUrdinate representatiUn.This questiUn
arisesasfUⅡ Uws:TakeasystemcUntainingtwUidenHca︳ particIes(fUrexample,

electrUn§),andletusdenUtethem sinplybytheindicesland2.TheSchr° din-

gerequatiUn is

(H(l,砂 一E)ψ (1,勾 =U.

LetPbetheUperatUr interchan」 ngthetwUidenjcalparjcles.Hencein
genefal

P2〞 (l,2)=ψ (1,2),

is1,andthUseUfPare ±l,andcUrrespUnding

ise丘hersymmetricW丘hrespecttUP,i.e.,

Pψs(1,勾 =吹 (1,砂
,

Ⅳ口(1,勾 =一晚(1,2).



● 叼田m田 研 θ硝 m′ iGε 〞 m′ 跑 o砂                                23’

︷』㏑th慨 ,晚 aresUlu●onsUftheSchrδ 山Ⅱgcrequa6Unbecause

PH(1,幼 =Hφ,l)=H(l,鈔

Thequesjon iaDocsna山 川℃ a1UWbothkiIldSofsUlujUns?

TheaIlswertUthis questiUⅡ caInc,paradUⅡ caⅢy,befUrethequestiUnwas

askod,i.c.,befUrequantummechanicswasbUm.For theclcctroⅡ s inatUms,

PauⅡ postulated,theexc︳ usioⅡ pHncipIeearlyin1925.Theconncctionwlth

thesymmetryUfthcwavefunc位 onWas rlrst」 venbyDirac(192Θ.T㏑s

pnnclplecaⅡ ⅡUwbestatcdaSfUⅡ Uws.

PUJ幼 :a〞εyI. FUrasystcmUfiden●a㏕ part比leSUf加aJr-U〞〞-jπ tεσ′a:spin

涂民菈驟Ⅲ器盟亂君甘W:揣群I;:二:Ii:::聰
Ufjπ〞θΓ列 sPjπ (suchas piUⅡ s,deuterUns,a-partidcsl,theψ k∫′Ⅱ田●“河ε〝Ⅲ山

sta位sIcs.TherelaIUnshipamUngthesyⅡⅡnetry,thespinandthestajsjcs is

regardcdasaprUfUuⅡ dIawofⅡature.
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