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As non-trialaplication of these ideas , we
desube how QM cou be used to make

predictions about Atoms with >1
-

Atoms with more thou one election a much
-

more complicated thou Hydrogen .
New "physics"

due to

- repulsion between electrons

- Pouli exclusion Principle

Both effects can be seen on the simplest

example HELLOM (z =2) = u Matter

UNIVERSE

(excluding DM !)

In the exercises you will consider also

atoms with >2 [regularities & structure

of the XeriodicTade]
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HELLUM

S e & nucleus interoct only
MI
e

- &En
O through EM

...
Putting nucleus e origin

,
houiltinion reads

Ze2

7)=-

IGitEoltn-re

We are going many (subleading) effects

motion of nucleus

· spin-orbit couplings

· effect of electic current generated by one
election on the other one

=> only interactionsor Corlomb-like
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So we wate

H = H1 & Ha + Vez

Y M ↑

First electron I Ce interaction

Second electron

Clearly ,
if Viz = o

,

then we could obtain

full rolution to It by using solutions fo

Hydrogen-like Ahows (1 electron
,

guard Z (

As first attempt , we can try toUes PerTuRDATION

THEORY With Ha+ Hy = Ho &V= +H1
-

From your study of the Hydrogen Atom

Hi Philimi (Fil = Eni Philimi 1,2
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&nilimi (Fil = Uri) Vari ,Gil
y

depends only on ↑
vi = IFil Spherical

So we can wate
Hormonics

ui
,
Fl = Pueesma (vi) Preem

=

(2) with

HOU , ) = EU(, ) = [EntE]

with En = -mc(z2l e Videoscharge=

and = -[mc[E](
For Ground State E2

,
1 =
-mc2[22]2

= 8 Ettydrogen (2 . Z2=0)
M0 ,511 MeV

== 108
.

8 eV
E



to see if it makes sease to try perturb

thery ,
we can try to estimate effect of Viz

d
·-Oi

nucleus

for each electron in ground state of one-el.

dow we can take on
Bohr

90 =~ 0530 . 5.
RADIUS
-

-

the energy is lowest when electious one as

fr awayos possible D = Cd =
290 faE -

-

DE ~Dh
AE >108 .

Bev so pet therry is reasonable !
S



Even before switching on the perforation , we

notice something interesting

· Ionization Energy Elonz = 54 .

4 eV

(remove one e + r=X (
Il

In this "stote , Atom was Eoni-56 .
6 .
e

· First exated states gre

En = mcka) = - 68
,
Ter

t
n= 1

,
12= 2 or vicerensa

:
2

Ex = - I mc [22] " = -
27
,
2 e

↑ T

=
n = 2 is Above Ionization
n2= 2

energy =>
Dismete

stole in Continuou
!
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-
Continuene

* ise)
=
-27

,

2. of states

-
Fion = -54

,
6 eV

- (1,4) ·
- (1

, 3)

-
(1,2) E = - 68, 1 eV

=> (1
,1) E = -100, 8eV Ground State

New Phenomenon of Autolonization
-

He
(

,
2)
-> He

*

+ e
=

↑
it can decey into singly Ionized Helum !

We'll talk moreabout how atoms go through these

doys later in the course ! 7



Our picture of Helum still
very printive , let's

old some more effects

* AULI EXCLUSION PRINCIPLE

two electrons or IDENTIAL Fermions
,

total wore

function must be ANTISYMMETRIC

Ground state Mos
,
Fl =

PoPo Xi.(1, 1)

SINGLET

Aubry mm.

Yange= /X X ."-X."X"]
-
-

First exated State we can either aubsymm
11,2) ~ (2,

1) Y spir or coordinate post

ge



explicity n = 2
,
e = 10

,
13 ; m = 1- 1

,
0
,
1 3

using = (Prod Femal + Pem#) Peop(E)] Usingl.

Utire = [Pool Premirel - Pem() Prop)] Xtipt

X+X,
Stripl = IXi

X- ↓ volve ofht ,my !
-

↳ different states which ,
in current pickers ,

oneell Decenflate In ENERGY-

Still we have iguered important effect,

Vie = interaction among two electrons

=> let's try to estimate it with peet . the
9



THEORYFIRSTORD PERT.

first ord pet
-
(1)

· Grand State T E + DEo= =
O O

Deo =
<100 ; 100 1 Vizl 100 ; 2007

= find U, Viz) Kol,1

/
spin indep

= Sarid' /Poori)(Prook) El

NOTICE THAT :

change densitybr first e
-

I = U(E)=> dre potential genated by
--

firste& = Ez
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AE
=- JareepUO

is electrostatic energy ofe number 2 in Ur)

This integral is "stended"

=-

DE =(I
O

~ Sara die,
-

↓
2π 1 -

dwO2
- FJona-- 2Mr co+ E

8 - 1
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V, Tz &- -M1 2 - 2MVz
=

t retre+ zirz - I+P 3
-

Mitr2)2 - )2

= [ + re-Ire-rl]
↑ depends on whether r

and Sare = att
,

so poting all together

Do= X

↓e creIn

-
If z = 2 &En = + 36eV
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remember that very roughly we had estimated

DEv(7 .2 ev) ·O

- some factor
U

f2"
-

Indeed this value consponds to fu 1
.
6
-

so we get

Ed = = 108 . 8 + 34)eV = - 74
.
8eV
-

Experimentally one finds-78.975ev
↑

first order perturbation thery
not bod

,
but makes mislike

·(5 % )
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NOTE : interols con be done by ports

(xe- =Y]dx = beAbnA

Il

-A

=>e
+-Ab

A

Con be used to reduce them all to fetax
-
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So as fe as Ground State goes , Pauli principle

and spin play no role .

What dat excited

states ?

n = 0
,
1 = 40

,
13 & m = 40

,
-1
,
1)

·idenonlymine commutewita
ais !

to consider generic l , m= o
& GN

Dre()= ProviGearIn -El

where => Singlet spir
- => Implet Spin
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opening the square and Using Vrs) symm
to rename the int voidles

,
we write

AE J + K

AE" = T - k

where

- = fardPo

b =Gird)Product (n) Perr
If - /

NOTE I so manifestly
↳ >0 leabiousfle

16



the some can be dered for untoo neo

↑gener n !

this means EEAE
So PAULI PRINCIPLE uplies that degeneration of
states with different orangement of spirs
is lifted

= even if V is Spin Independent,

symmetry requirements on wore

function mode its effects spir dependent

=> "EXCHANGE INTERACTION"

through this effect , spin-dependent fres cor

be generated which are not suppressed compared

to electrical interactions (typically spirin magnetic

uppened OCEE)Y - O(c)] 17



so thanks to this effect we predictHe

spectrum

-UNDERTURDED (Viz=0)
-

1P2t
- 3 P2

, 1,
o--

(s)(2P) --
-

--
- Soa----

- (15(25)
e= 0 (15) (25)
l=1 (1s)(2p)

I

--- So
-

-- 1

1 =0GS((1s) I
spectroscopic S TOT -

25+

LySPIN

notation . ↑
MOMENTUM

TOT ANG

1:0 + S Of ELECTRONS
-

L = 1 -> P

1 = 2 + D

L = 3 - F 18



We can improve on our estimate tr energy of

ground state of Helium using MMARONALPRINCIPLE

lousder come Homiltarian E & a state 14)

with (414) = 2

H(k) = En (h) Complete set of egenstates

then 143 = &Call

normalization implies [ICk = 1

do we have

<1H14) = EICal"En

↳ E [Cal = E
↑

because En ? Eo grandstate
19



=> Eo -(4114] !

we can use this choosing some 143 =1411 ... (n))
↑

parameters

computing(pH(4) = A(1,, . . . ,d)

and fully minimizing A wrt big

= if we choose lif) "wisely" ,
this proceedive

congre very good estimate of ground state

you we apply this to HELLUM ?

(4) = 4000 / ,
*

)4000( ,
* )

this is like poor)
- Hydrogen like

used before , but with but with ARBITRARY

zt z*; we call I z
*

i 4oo not to confereit ! 20



=> phyrcol intuition : in using simple

peribation thery , we neglect SCREENING

EFFECT : e see smaller z
*<z( = 2)

because port of it is screened by other

electron !

So we have suppress dependence on
*

-
*

(e) H = E400)

<417143 =/Pride--(40)(1400
Houltonian evaluated

the correct z
,
not * 1
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<41714) = 2 Sdr dr letools P 14100(1*
-

/
↑ -Ze -

e2(z-z*) &
using GutEs T1 Tutteor
-

Ve=) T2 standard Carlamb ↑
symmetry problem exter 1 tam

+ Ja d'r letools 114200)/2 computed
before!↑ I AEo

! ·

Swith z

=2E*. 2(100/100)It -

-
mc (2)+2 Z

To

=-Imcz*G
* (z-z* )_ E*][



== Emic(-2zx+ azz*_ z* ] = F(z
* )

GF(z) =0 z-

Fz = 22m mini mom !

Fo < -[mc(c(z-) = - E7
,

her

↑ very close
to Eexp !

Tremember < = utc = i fre structive
constaut

90=

-=*
mc -
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