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Course Announcements
P ——)

* Next week, April 19: exam # 3 (Chapters 9 — 11).
* Review session:
* Extra office hours:
¢ Monday 10 am — 12 pm: Wolfs, B&L 203A
* QA session: Monday at 4.50 pm — 6.20 pm, Hylan 305.

e Last PHY 237 homework (# 10) is due on Friday.
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Some comments on numerical calculations.
———
*The extra credit problem of
HW # 9 focused on the
calculation of the Coulomb

repulsion  between the 2
electrons of the helium atom.
* Several common mistakes were
made by the majority:
 Calculating the expectation value
of 1/abs(r,-r;) where r; and r,
where the radial coordinates of the
two electrons (scalars).

* Using incorrect wavefunctions
(either incorrect normalization or
symmetry).

*Using a full 6-dimensional
integration with Mathematic which

runs forever.
Frank L. H. Wolfs
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In Chapier

ey
repulion becween the clecirons in the Helium stom for the following two
Configurations (see Figure 9.7

2. The grousd st of Heiom (=1, €20, 1=

b, The frstexctedsse of Helium (5= 1,

“To carry out his calcultion, use the following pocedr:

1. Obtsned the wavefunctions forcachclctronfrom Table 7.2

symmetry.
B

s specified by

o clctron, A, depends on hese 6 spatal coordinates
s Ce Vv,
Note thisrequiresand ntgraton of ove he  spatial coondinates.
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Some comments on numerical calculations.
P ——)

* Consider the integration:
I v (n, ;7)%11;(7' ) 2,2 sin0 sin0 dr drd0 0 dp dg,
(=)

abs(r r
1 2

 Even though correct, it may take forever to evaluate.

« Consider the following short cuts (to evaluate this integral):

* No loss of generality occurs if we assume that electron 1 is located on the z axis.

* With this assumption, this distance between the two electrons only depends on the
polar angle of electron 2 (note: the polar angle of electron 1 is 0 degrees.

* The wavefunctions and the distance between the two electrons do not depend on
the azimuthal angles. You can thus replace the integration over these angles with
2m.

« Change your unit of distance of ay. The wavefunctions are proportional to .
Do you really need to integrate from O to infinity? How about integrating
between 0 and 100 a,?

* These changes makes the difference between getting an answer or waiting for an

answer forever.
Frank L. H. Wolfs
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Using Mathematica to calculate the effect.
It actually completes running.
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Calculating the Coulomb repulsion energy.
e |

*These calculations show
that the energy shift due to
Coulomb repulsion is:

© 6.3 eV if the electrons are in
an S = 0 spin state,

¢ 5.1 eV if the electrons are in [
an S = 1 spin state. .

*This type of shift is ="
observed in the spectrum of =~ =
helium.
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Details of helium spectrum.
Good to know.

_rojn=Timn=2

Energy (eV)
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Figure 9-7 The low-lying energy levels of helium. Left: The levels that would be found it
there were no Coulomb interaction between its electrons. Center: The levels that would be
found if there were a Coulomb interaction but no exchange force. Aight: The levels that
would be found if there were a Coulomb interaction and an exchange force. These levels
are in excellent agreement with the experimentally observed levels shown on the right
in Figure 9-6.
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Back to regular programming:

Chapter 17 and our discussion of two nucleon
systems.
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What states can be occupied by a nucleon
pair?
e |

* 2n and 2p systems must obey the Pauli exclusion principle.
enp systems do not need to obey the Pauli exclusion

principle.
* Consider the following states:
©3S,:1=0,5=1,and j= 1. Wave function is symmetric: in principle
ok for np systems but not ok for 2n and 2p systems.
*Pi:l=1,5=0,and j = 1. Wave function is symmetric: in principle
ok for np systems but not ok for 2n and 2p systems.
*3Py 2 l=1,5s=1,and j = 0,1,2. Wave function is asymmetric: in

principle ok for np, 2n, and 2p systems.
* Dy 1=2,5=0,and j = 2. Wave function is asymmetric: in principle

ok for np, 2n, and 2p systems.
*3D,5:0=2,5=1,and j=12,3. Wave function is symmetric: ok for

np systems but not ok for 2n and 2p systems.
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Isospin.
N =2 system.
[—— ——
*Since the nucleon force is Sh'ﬁe{j due to Coulomb
independent of nuclear charge, repulsion.
we consider the proton and the
neutron to be two different
forms of the same particle With ———meee— =0,T=1
different “isospin T e=l, =0
parameters. 0,2 242
*Protons and neutrons are ° =
isospin %2 particles with g i "
different values of T.. Y =
* Protons: T, = + 4.
¢ Neutrons: 7, = - }5. :
e Since protons and neutrons Ohnlé’itable state in
have different values of T, they the system.
are distinguishable. ) !
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Isospin.
N =2 system.

e Isospin can be used to relate

energy levels in nuclei with the
same number of nucleons.

*In the example of the N = 2'=°-T=1
system we see: —

* T = 0: expect to see 2T + 1) = 1 0

Three T =1 states.

2 2,2
state. : '1?
e T = 1: expect to see 2T + 1) =3 1 o +
states. ] L] L}
AN

eSince each  proton/neutron
carries a fixed 7,, we expect

One T=0 state.
that the total charge of a system

depends on the total 7.
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Isospin.
N = 14 system.
Jm———
*The total 7, of a nucleon — T=2
system is equal to (Z-N)/2. o
—_ —_— T=1
 For the N = 14 system we see: —
*B: T,=22 _ T=0
oC: T,=-
*N: T,=0 —_ T=0
20 T,=+1 — T=1
oF T,=+2 —
*Energy levels observed in
the N = 14 system can be — T=0
. Bl‘ scll 7Nl‘ .0“ ,F 1"
grouped according to total &~ & - &
1 in T = = | 1 ) + o+
isospin: 7=0,7T=1,and T | . ° M
=2. [ N
Frank L. H. Wolfs Department of Physics and Astronomy, University of Rochester, Lecture 24, Page 12

12




Isospin.
N = 14 system.

—_— |
Shifts due to Coulomb repulsion.

*The grouping of the =2
energy levels for the
N = 14 system is shown —_ T=1

in the figure.

T=0
T=0
N only — T=1
*When we look at the
T=0

states that are part of , -
the T = 2 group, we & & & ‘o

- o~
expect them to have a , ; ¢ + *
similar nuclear & & & & &
structure.

Frank L. H. Wolfs
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Wavefunctions for the two-nucleon wave
function.

*The total wavefunction of the two-nucleon system is the

product of a spatial wavefunction, a spin wavefunction, and
an isospin wavefunction:

‘// = W[W:WT

e Since the two nucleons are fermions, the total wavefunction
must be asymmetric.
e Consider / = 0 states.
* The spatial wavefunction is symmetric.

o If the system is in a spin singlet state, the isospin state must be
symmetric (s=0,7=1).

« If the system is in a spin triplet state, the isospin state must be
asymmetric (s =1,7=0).

Frank L. H. Wolfs
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Additional conclusions, based on the observed
properties of the two-nucleon system.

*The observation that the Same energy.

T =1 states in °n? and 'H?
occur at the same energy
confirms that the nucleon é— 8=0,T=1
force does not depend on

T, [— 8=1,T=0

-
*The observed shift in the :l 9
T = 1 state in 2He? is g &
consistent with the

Coulomb repulsion between

the two protons.

Frank L. H. Wolfs
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Conservation of isospin.
= = |

* T'is conserved:
* This is observed in various nuclear reactions. For example:
1H‘2\+}016 L 7N14 o ZHe4
T =0 ground states. T =0 ground state.
Total initial isospin is 0. High-lying first

excited state.
T =0 ground state.

T =1 first excited state.
Expect that N is in the ground state.
o T, is conserved:
 Conservation of electric charge.
Frank L. H. Wolfs Department of Physics and Astronomy, University of Rochester, Lecture 24, Page 16

16

3 Minute 19 Second Intermission.

* Since paying attention for 1
hour and 15 minutes is hard
when the topic is physics,
let’s take a 3 minute 19
second intermission.

* You can:
« Stretch out.
« Talk to your neighbors.
* Ask me a quick question.
* Enjoy the fantastic music.
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Why does the nucleon force has a short range.

* Forces act via the exchange of force carriers.

* The nucleon force is due to an exchange of pions.

* The electric force is due to an exchange of photons.

« Differences in the range of the forces are due to differences
in the mass of the force carriers.

* A nucleon can create virtual pion pairs.

» The Heisenberg uncertainty principle allows the nucleon to
“borrow” the energy required to create the virtual pion pair
for a short amount of time. The heavier the pion, the shorter
the amount of time.

e During this time, the pion can travel a certain distance
before it has to “return” to the nucleon to disappear before

Heisenberg gets upset, !
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Why does the nucleon force has a short range?

* Since the pion has a mass, the energy required to create a
virtual pion depend on its mass.

AE =m,c’
* The time during which the virtual pion pair can exist can be
determine using Heisenberg’s uncertainty principle:

M=——=——s
2AE  2m,c”

» The maximum distance the pion can travel away from the
nucleon, assuming it travels with the speed of light, defines

the range of the nuclear force: 1 h
Range = —(cAt) =
2 4m_,c
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The nuclear force:
a results of pion exchange.

* When another nucleon is within the range R, the virtual pion
may be absorbed by that nucleon: that nucleon feels the
nuclear force due to the nucleon that created the virtual pion.

* The nucleons feel their mutual nuclear force when their
virtual pion clouds overlap.

[~
Nucleon

After
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From virtual to real.

* The theory of pion exchange was proposed before the pion
was know to exist.

*Based on the known range of the nuclear force, the
estimated mass of the pion was between 25 MeV and 100
MeV.

* The pion was discovered in 1947 and found to have come in
three different forms:

m_.c*=m_c* =140 MeV

m_oc* =135 MeV
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Charge distribution of nucleons.

e e —
Proton
-
b
N
Q
~
S
o, \_/‘ o”f 1{5 § (n
Neutron
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Force carriers.
P ——)

*We know believe that all forces are the result of an
exchange of force carriers.

* The heavier the force carrier, the shorter the range of the
force.

*The electromagnetic force is carried by virtual photons.
Since photons are massless, their range is infinite and this is
why the electromagnetic force has an infinite range.

*The weak force is a result of the exchange of W and Z
bosons with a mass of between 80,000 MeV/c2 — 91,000
MeV/c2. The weak force has thus a much shorter range than
the nuclear force.

* Why do you expect all force carriers to be bosons?
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ENOUGH FOR TODAY?
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