4007 Nuclear Structure Notes
I Nuclear force
Chapt. 4 (Krane)
Coulomb potential ( 
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Coulomb force ( 
[image: image2.wmf]2

2

r

e


   (non-saturating force)

Nuclear force (saturating force):
Range ~ radius of nucleon R = 
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Characteristic nucleon momentum (p ~ 
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Characteristic velocity v 
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Characteristic time 
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Characteristic nuclear force ~ 
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Electrical force ~ 
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I.1 Properties of the Nuclear force
(4.4)
1. lowest order central potential Vc(r) - depends on distance, not direction – spherically symmetric  - L conserved - (shape independent)
2. strongly spin dependent

3. VT(
[image: image11.wmf]r
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)  (non-central potential) depends on r, (, (, i.e. direction dependent – L not conserved
4. force is charge symmetric, n-n and p-p identical forces

5. n-p is nearly identical to n-n, p-p

6. repulsive core at short distances, keeping nucleons close but not too close

7. includes spin-orbit term ~ L.S
S = total spin (=s1 + s2)

       L = relative orbital angular momentum (= r ( p)

I.2 The Exchange Force Model
(4.5)


Exchange of virtual pions must occur within time (t,
(E.(t ~ 
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Also minimum energy to be borrowed (E = m(c2

(t ~ 
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Range ( ~ c.(t = 
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V(r) ~ 
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m(+ = m(- ( m(o
spin (( intrinsic angular momentum)
 p, n = 
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( = 1- 1.5 fm
( ( interaction

( = 0.5- 1 fm
( (( interaction

( ( 0.25 fm
( (, ( interaction ((: spin-orbit part, (: binding energy part)

Invariance under translation implies conservation of momentum
(x.(p

Invariance under rotation implies conservation of angular momentum
Invariance under passage of time implies conservation of energy
(E.(t

Invariance under reflection implies conservation of parity
Total angular momentum (spin + orbit) is conserved

Orbital:
L = l
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Lz = ml
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ml = -l, -l+1, ….., 0, ….., l-1, l
II Elements of Quantum Mechanics
Chapt.2
II.1 Parity (2.6)

Parity = reflection through a point = reflection in a plane plus a rotation 

= space inversion
r ( - r


Potential V(r) = + V(-r)
even,
( = P2(


( P = +1 (even parity) or P = -1 (odd parity)


Parity is multiplicative

Operator: r ( r,
( ( ( - (,
( ( ( + (
    f(r) ( f(r),
Pml(cos() ( Pml(-cos() = (-1)l-mPml(cos()
eim( ( eim((+() = (-1)meim(
( ((r, (, () = f(r) Pml(cos()eim( ( (-1)l(
( P = (-1)l

l = 0

P = +1

s-wave

l = 3

P = -1

f-wave


l = 1

P = -1

p-wave

l = 4

P = +1

g-wave


l = 2

P = +1

d-wave

l = 5

P = -1

h-wave








l = 6

P = +1

i-wave


State: IP
P parity,
I total angular momentum J

II.2 Symmetry Operation (2.7)


Symmetry operation for two identical particles with overlapping wavefunctions:



exchange all coordinates, including spin



( (1, 2) (( (2, 1)
(2(1, 2) = (2 (2, 1) 
( ( (1, 2) = ( ( (2, 1)


Positive symmetry  - symmetric
negative symmetry – anti-symmetric



(bosons)



(fermions)





Parity doesn’t exchange spins


Mirror nuclei = Mirror isobars:
xn+ yp = yn + xp 

same for nuclear force point of view


SEE QUESTION on whether reactions occur

angular momentum = l
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III Nuclear Properties
Chapt.3
III.1 Radii (3.1)

     1. Potential radius    2. Radius of matter distribution     3. Radius of charge distribution


2. ( 3.

(2 > 3)
as surface is slightly neutron-rich  (inhomogeneous)

To determine radius, use fast electron scattering
( ~ R
( = 
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(use extreme relativist energies)

Saxon-Woods function: 
[image: image22.wmf]a

R

r

e

r

-

+

=

1

)

(

0

r

r


Fermi distribution 

a = edge thickness,
4aln3 = skin thickness (= 90%(0 - 10%(0)

R ~ A⅓

( atomic energy levels are slightly different for different isotopes




( Optical Isotope Shift


r0 ~ 1.2 fm


(change in radius increases slower along a chain of isotopes for the same atom 

than for a chain of different atoms.)

Muonic X-Rays: μ-, μ+ unstable,
mμ = 207 me
rμ = 
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( find relative isotope shift of 1 in 250  versus 1 in 106 for electron Xrays

III.2 Coulomb Energy (3.3)


Ec = Ze = 
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p ( n + e+ + ν – energy (~(Ec)    (A = 2Z-1)


(Ec = 
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Ee+(max) = (Ec – (mn – mp)c2 – mec2


A plot of Ee+ versus 
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 gives a linear graph – slope gives r0
III.3 Nuclear Electromagnetic Moments (3.5)


l = 0
electric monopole (point charge)
( ( 
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P = +1

(r( -r)

l = 1
electric dipole,



( ( 
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P = -1

l = 2
electric quadrupole,


( ( 
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P = +1


l = 0
magnetic monopole (doesn’t exist)



l = 1
magnetic dipole,


B ( 
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P = +1

l = 2
magnetic quadrupole,


B ( 
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Electric moments:
P = (-1)l
Magnetic moments:
P = (-1)l+1





Order = 2l

Expectation value:
~ 
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= 0 if Op odd parity


Electric monopole: 
moment = Ze


Magnetic dipole:
orbital angular moment μ 
= current ( loop area

= gl l μN   = 
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Spin magnetic moment μ = gs s μN

gl = orbital g factor

gs = spin g factor

l = mvr,   lmax = l
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Nuclear magneton μN = 
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atomic Bohr magneton μB = 
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Electric quadrupole: 
moment = Q,


eQ = 
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(Op = 3z2 – r2)

Magnetic Resonance Techniques: Qp = Qn = 0

Qorb (s-wave) = 0


but Qdeuteron ( 0
as 4% d-wave
IV Nuclear Models
Chapt.5

IV.1 Shell Model (5.1)


“Magic” numbers = particularly stable nuclei = Σ(2j+1)



Seen by plots of 
[image: image39.wmf]std
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 or EB versus number of protons or neutrons


Skin thickness = 4aln3

- distance over which shell-model potential goes from 0.9V0 to 0.1V0

j = l + s
( s = ½ 
( j = l ( ½ 

l + ½ lower than l – ½ 


Even-even doubly magic:
N = Z = 2 (He)
N = Z = 20 (Ca)






N = 126, Z = 82 (Pb)


Extreme independent particle model – the state depends purely on the unpaired nucleon


Even-even nuclei all have 0+ ground states.


States: 
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  - goes into 2s½ state due to 1d5/2 and 2s½ states swapped

Excited states of 
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(ground state = 
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Shell Model predictions for multipole moments:


Magnetic dipole:
μ = gIIμN

gI = effective g factor,

I = IP



j = l + ½ 
μ = 
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j = l – ½ 
μ = 
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 + derivations

Shmidt lines μ(j) – inaccuracy due to nucleon-nucleon interaction diluting single 

unpaired nucleon motion


μobserved < μSchmidt
Electric quadrupole:        Q
( 3z2 – r2 
( -R2 ≈ -(r0A⅓)2
in xy-plane


Also

Qhole ( +R2


and
I < 0 ( Q = 0


Q < 0  -  oblate ellipsoid  -  for nucleon outside closed shell


Q > 0  -  prolate ellipsoid  -  for hole in closed shell


Q = 0  -  sphere

IV.2 Collective Model of nucleus (5.2)


(needed when far away from closed shells)


Also known as Liquid Drop Model

(or combination of Shell and Liquid Drop models)?


Loose valence nucleons polarized and deform core

· consider collective/cooperative effects between all nucleons deforming 

whole nucleus


Level structure: intrinsic effects (vibration and rotation) from valence nucleons 

and core effects


Large single particle energy changes and small core energy changes.


Even-even nuclei: ground state always 0+,
1st excited state always 2+ 

(except magic numbers)


A < 150: tend to depend on vibrations about a spherical equilibrium shape


150 < A < 190 and A > 220: tend to depend on rotations of a non-spherical system


Vibrations: quanta = phonons,
Ephonon ~ 0.5 MeV 

~ spacing between vibrational levels


Monopole: 
( = 0,
0+ at high energies
radical oscillation



Dipole:

( = 1
1-
giant dipole resonances – 

only occur with external applied fields


Quadrupole:
( = 2
2+

ground state 

+ 1quad phonon




     0+, 2+, 4+

degenerate triplet
+ 2 quad phonons




0+, 2+, 3+, 4+, 6+
degenerate quintuplet
+ 3 quad phonons


Octupole:
( = 3
3-

Rotations: rotations slow ~ 0.002c


Collective model ( correct predictions (explains Schmidt discrepancies)



Magnetic dipole moments due to circulating protons.


Excited energy levels E = 
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e.g. 2+ ~ 90keV (rotation) vs. 0.5 MeV (vibration)


( ≈ (rigid (=
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( nucleons not rigid


( ≈ (fluid (=
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( nucleons like fluid but with pairing 

 bonding between nucleons


I >> 10,
( “jumps” due to pairing bonds breaking – backbending
IV.3 Cluster Model

Nucleons tend to cluster in, for example, (-particle clusters within the nucleus. 

Clusters break and reform on time scale >> 10-22s.

Light nuclei

Probability of clustering ( as nuclear density (   ( clusters mostly in fuzzy edges

(-decay predictions ( tunneling theory 

– predicted t½s 103 times bigger than observed. 


Cluster ideas give good predictions of level spectra (I, parity, energies)
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[image: image70.wmf]Be
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Heavy nuclei – Clustering for outer valence nucleons outside closed shells




(FCC model)

V Gamma Decay
Chapt.10

V.1 Gamma Emission (10.1)


E( = Ei – Ef 


i) Electric origin: 
oscillating electric charges 

(or Bremsstrahlung – charges being accelerated)


ii) Magnetic origin:
time-varying circulating electric currents 

V.2 Classical Transition (10.2)


Electric, magnetic dipole: l = 1 angular momentum taken away


Quadrupole: l = 2
octupole: l = 3



Recall: dipole order = 2l

Electric multipole transitions – parity change = (-1)l

Magnetic multipole transitions – parity change = (-1)l+1
V.3 Angular Momentum and Parity Selection (10.4)


l = Ii – If, ……, Ii + If
can occur, but in practice only lowest l is significant


   = 
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If ( >> a, intensity of radiation of successive multipolarities decreases by ~ 
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Also, as E (, 
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)

2

l

a

 (

t½ ( (intensity)-1



See also Weisskopf Diagram 


Nuclear Isomers: isomeric (metastable) states



Occur near or just below N/Z = 50, 82, 126, etc (magic numbers)




( Shell Model – big spin change with small energy change



Do not occur away from closed shells

(Nucleosynthesis)


For even-even, all E2 transitions ( E( = E(I) – E(I-2) = 
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Superdeformation: nucleus shape hard to change


Deformation = 
[image: image75.wmf]R
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R = average nuclear radius, (R = average major-minor axis


Harmonic potential ( single nucleon energy levels ( deformations


l ( 0 since no monopole radiation
0+ ( 0+ by (-emission strictly forbidden

( can have virtual 1- level in middle ( E1 + E1

V.4 Electron Emission by Internal Conversion (10.6)

(Not (-decay or photoelectric effect)

Nucleon excitation energy ( electron energy Ee = E( - B – sharply defined

B is binding energy of electron to atom

B = Ek, El, Em, ….. for different shells

Virtual ( ( direct effect ( electron emission

Internal Conversion Coefficient: 
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can be from zero to infinity


( low for low Z or for large energy changes.
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usually with (k > (l > (m > ….
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 ratios measurable 
– dependent on transition mulitpolarity 



– independent of nuclear wave function       (level scheme 
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     (t = (e + (( = (((1+ ()

If E > 2mec2, can get internal pair production, e+e- (as well as internal conversion)


Half lives t½’s for internal conversion are affected only slightly by 
chemical environment. 

VI Beta Decay
Chapt.9
VI.1 Beta Decay (9.1)

n ( p + e– +((


neutrino causes Ee to be broad range (not sharply defined)
         (Ee)max = Ee + E(
neutrino is also needed to balance spins.

Sergert Diagram: log ( vs. (Ee)max
VI.2 Fermi Thoery of Beta Decay (9.2)

Probability of emission per unit time of an electron (or positron) with momentum between p and p +dp is:


P(p)dp ( p2(Emax – E)2dp ( F(Z, E)

F(Z, E) ( Coulomb factor or Fermi Function: 

allows for effect of Coulomb field of nucleus on emitted e+/e-.


e- emission holds spectrum back,
e+ emission pushes spectrum forward

Fermi’s Golden Rule:
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VI.3 Kurie Plot (9.3)

Linear Plot: 
[image: image82.wmf]F
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  versus E


Assumes m( = 0. Not always true. m( ( 0 gives a curved endpoint. 
Kurie Non-Linear Plot:


Includes weak interaction strength, degree of overlap between initial and final nuclei, wavefunction of emitted electron and neutrino.  (l = 0 ( linear plot)

l > 0, (e,( = 0 at r = 0  decay rate << decay rate (l = 0, (e,( ( 0 at r = 0)
l = 0 
( allowed transition

l = 1
( 1st forbidden transition
(l > 0 forbidden)
l = 0, mirrored nuclei 
( superallowed transition
(e.g. 
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Decay constant: 
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~ M f(Z, E)

f (Z, E) = integral of Fermi function

Log10ft indicates allowedness of decay (t = t½) 



= 3 – 4

( superallowed




= 4 – 6

( allowed

= 6 – 10
( 1st forbidden, etc

VI.4 Fermi and Gamow-Teller Transitions (9.4)


Fermi transition:

l = 0
singlet (I = 0


[image: image85.wmf]n
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Gamow-Teller transition:
l = 0
triplet (I = 0, (1
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VII Nuclear Reactions
Chapt.11
Types of Nuclear reactions:
X + a ( Y + b
VII.1 Elastic Scattering (11.1)

X ( Y
a ( b
Elastic Coulomb scattering:
if a does not penetrate X

Elastic Rutherford scattering:
if a penetrates X

Diffraction effects: R ~ (deB with minima at sin( (
[image: image87.wmf]d
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d = 2R

( Babinets Principle



[image: image88.wmf]p
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VII.2 Inelastic Scattering (11.6 & 11.7)

X ( Y
a ( b
Y and/or b in excited states

Inelastic Coulomb scattering:
study Y* states from (-rays

Inelastic Nuclear scattering:
study Y* states from K.E. spectrum of b.

VII.3 Mechanism (i): Direct Reactions (11.11)

(deB for a ( 1 fm
a interacts only with a few nucleons near surface of X


Time for reaction ~ 10-22s.

VII.4 Mechanism (ii): Compound-Nucleus Reactions (11.10)

(deB for a >> 1 fm
a merges with X for >> 10-22s

forms C* 

(which can then form many things)


( Bohr’s Hypothesis of Independence
(1(3 = (2(3
VII.5 Mechanism (iii): Resonance Reactions (11.12)

C* well-defined ( discrete, not continuum of levels

(( when (a ~ (nuclear
Ea = (mC* - mX – ma)c2
( gives resonance

Half-width at half-max of resonance peak
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from (E.(t ~ 
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Full-width at half-max (FWHM) = ( = 2(E 
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 ( decay rate (( (-1)

Shape (Fourier ( Lorentzian) 
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     Breit-Wigner Equation

VIII Neutron Physics 
(Lilly Book)
VIII.1 Neutron Activation Analysis (NAA)
Indium

IP = 
[image: image93.wmf]+
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( l = 4         ( 4th forbidden for   
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(t½ ~ 4 ( 1014 years) Activated by moderated neutrons ( IP = 5+  
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(t½ ~ 54min)
~80% of all the (-decays result in (-ray emission from 2+ ( 0+,
(E = 1.294 MeV

(t½ = 54.3 min) 

(E2 transition)


thus making the decay unique to indium and the NAA sensitive to about 10-13g of Indium.

Neutron capture cross-section (     ( rate of production of radioactive product R = N((
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( activity A = (n(t) = N(((1 – e-(t)
Number of counts at detector:
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