Chapter 15: Outline
Nuclear Physics

Survey of nuclear properties
Nuclear sizes and densities
Nuclear masses

The liquid drop model
Magic humbers

The Fermi gas model

ne shell model

ne collective model




HW #5 (Chapters 15) due 3/37
Questions: 6, 12

Problems: 3,7, 12, 14, 23, 46







1895: Playing with cathode ray tubes, Wilhelm Rgen discovers x rays
rays originating from the point where tls hit the glass tube could
pass through materials opaque to light and actpiattographic film

1896: Intrigued, A. Henri Becquerel wonders if ar&ls which
exhibit fluorescence after exposure might alsorb#tag x rays

So, he wraps a photographic plate in black papepéaces it on the window
ledge, setting his material on top

An image was indeed formed on the plate — conclintedhaterial had emitted x rays

Then he “repeated” the experiment by putting thedarand plate in a dark drawer
(apparently was a cloudy day) also formed an image !

Becquerel found that this was actually a new

_ : .
Becquerel had discovered radioactivity ! kind of penetrating radiation (not x rays)

Much excitement and study:

Apparently 3 types of radiation - Rutherford clagsithem ag, b, g, according to
their ability to_penetrate matté&rionize air.

a. least penetration, most ionization
g most penetration, least ionization

b: intermediate betweemandg



Rutherford soon discovers theatays areHe nuclei

Others soon discover thiatrays areg’s andgrays are very short wavelength EM radiation

Successes of the Bohr model led to modern viewarhavith tiny massive nucleus
(1-10 fm) surrounded by “cloud” ad's at great distance (100,000 fm) from nucleu

U)
N’

1928: correct explanation of a radioactivity as
QM barrier penetration given by Gamow,
Gurney, and Condon

1932: | Birth of Modern Nuclear Physics

James Chadwick Carl Anderson Harold Urey Cockroft & Walton

Neutron discovered Positron discovered Deuterium create ¥ nuclear reaction using
= heavy H artifically accelerated particles



Composition of the Nucleus

Anyone remember Moseley’s experiments ?

What can we learn from from x-ray spectra ? (C8ap. binding E of inner shel’s

What did Moseley find (1913) ? correlation between nuclear char@g (
and location in periodic tabl&)

More specifically: nucleus has a masAa “protons”, but has a charge of ordy» Y2 A protons

If you didn’t know about the neutron, how would yexplain this ?

nucleus containd — Z electrons

€'s ejected by certair
radioactive nuclei

—

What experimental observation supported this camaiu? b decay

What are some reasons against such an explanation ?

- forDx< 101 m, KE(e) ~ 100 MeV bu¢'s from b decay have KE ~-2 MeV

- magnetic moments: for nuclei ~ nuclear magnefpn e /2m,

for atoms ~ Bohr magnetony = e /2m, diff of x 2000

- angular momentum: angular momentum of nitrogensolf 1“N contained 14 & 7 ¢,
must havel = 1/2, 3/2, 5/2, ...



- no barrier to be overcome asardecay, ifE(e) > 0,e escapes immediately, natulal
emitters should have long since disappeared

1920: Rutherford suggested that there might beutraleparticle, possibly boure+ p
Once neutron was discovered and studied, ideawifd®+ p abandoned — why ?
spin of neutron = 1/2

So, how did Chadwick discover the neutron ?

Bombarding Be witla particles, new
neutral particley seemed to be created

a +°Be® (new nucleus) ¥

Others (Joilet, Curie) also studied Y, observed
Y+p® Y+p,qgiving E(p) ~ 5.7 MeV



If Y wereg, then would neeé(g) ~ 50 MeV to get(p) ~ 5.7 MeV
Seemed unlikely th&(Y) ~ 50 MeV since other decays were ~ few MeVs

Main goal was to prove thatwas notg

So, measured recoil for different targets and slioseattering ol was inconsistent with
Compton scattering

Also foundY to be much more efficient than massigss transferring energy to target particle

Applying conservation of energy and momentum, foome 939.57 MeV/€

B nucleus is composed of nucleopst) As we’'ll see,
nucleons are nof
fundamental




Nuclear Properties (ground state)

To understand nuclei, as with atoms, we’ll need QM

nuclear spectra (energy and particles)ﬂ guantized energy levels

Interpreting nuclear studies is more complicated titerpreting atomic studies —why ?

two types of nucleons

possible emission of several different particleadidition tog's

our incomplete knowledge of the nuclear potentialction

cascade complications

Terminology: particular nuclear species are calfeatlides, with presuperscript(i.e. 1%0)
Nuclides with sam& and differentA (150 and'®O) are called isotopes
Nuclides with sam&l = A — Z(*3,C, and*4,N.) are called isotones

Nuclides with samé& = N + Z (14C and!*N) are called isobars



Size and Shape of Nuclei

Nuclear Radii:

How to determine nuclear radius ?
coulomb

same as Rutherforc

Scatteri
CAENT 1 did back in Chap. 4

Are there any other ways ?
What are mirror nuclides ? /

nuclides for whichN & Z are interchanged
nuclear



What is the difference in energy between thesestates N and1®0) ? electrostatic

Are we safe in assuming the nuclear force is indéget of the kind of nucleon ? Yes

. : 31
Electrostatic energy of a ball of uniform charga ba shown to be E=— a9
54pe, R
Now, 150 is radioactive and decays'iN by emitting a positron andra
: : 3 1 1., >
The energy difference is DE == —[Z° -(Z- )]
5 4pe) R

So, a measurement of the energy of decay givés us

Measurements of the positron decay energies f@air8 of mirror nuclides give

R=RA3 with R,=1.2+0.2 fm b decay

Example 1 Compute (and compare) the radirbie and?38U

Most extensive measurements of nuclear radii wertopmed by
Robert Hofstadter and team in 1953

bombarded nuclei with electrons with KE = 200 — 50&V
For KE = 500 MeV] ~ 2.5 fm, smaller thaR for heavy nuclei



From resulting diffraction pattern can learn sonmgjtabout charge distribution

Considere as plane wavd (), scattering is similar to diffraction of lightdim circular
hole of radiuR

First minimum of the diffraction pattern is givey §ing = 0.611 /R electrons relativistic
complicated analysis



Example 2 Use data for 420 MeV electrons scattered fié@nto computer for 160

Charge density vs distance from Hofstadter



Still another method to measure R is to look atatbenuation of fast neutrons as they
move through a sample

2

Attenuation cross section: s =20 R+é

Such experiments don’t measure the charge diswib(tduh!), but instead measure the
“radius” of the nuclear force between neutron ancdeuws

All these different methods gives comparable resulbamelyR = R,A 13)

Since the nuclear mass is proportionahtavhat can we say about nuclear densities ?
All the same
A drop of liquid also has constant density, indejsa of size

‘ led to very useful “liquid-drop” model (especiallpad for fission)

nuclear density ~ 10kg/m®  How much does 1 maweigh ? 200,000 metric tonnes



Masses and Binding Enerqgies

How to measure the mass of an atom ? mass spectrometer

Force due t@ field ? qvB  Force duet&field? gE  To pass the EB filter:

gqvB=eE
E
V=—
B

For circular motion,

qvB =




Is the mass of aatom simply equal to the mass of the nucleus plus thesméthee's ?

No Why not ? binding energy of the's

binding energy of the's defined by B, . =M, +Zmc¢- M,¢ M,: mass atom

atomic binding energies ~ keV, nuclear bindingrgres ~ many MeV

atomic binding energies are usually neglected uolear physics:

B = ZI’T]IOC2 + NI’T]IOC2 - M AC2 M,: mass nucleus ~ mass atom

nucleus

Once we know the mass of the nucleus or atom, weamputeB



Plotting B/A for the most stable isotope of each element

curve is ~ constant for A> 16 (with a mean valti&.3 MeV/nucleon)

What does “curve ~ constant” tell us ? Nuclear force is a saturated force l’
partially explained by short range of nuclear force constant
If each nucleon interacted with every other nucjebare would bé\ — 1 ggﬁlsei?yr

interactions for each nucleon aBfA 1 A — 1 rather thai/A p constant




This is consistent with our radius measurements

If B/A were insteagl A, then the radius would be ~ constant as is the case for atoms
The fact that the density aBdA were the same for all stable nuclei was noticetién1930s
As we've already noted, this invited comparisonastn the nucleus and a liquid drop
The energy required to remove molecules from adiggijust the heat of vaporization

This is proportional to the mass (number of molesubf our drop, just as our nuclear
binding energy is proportional to the number oflaans



Nuclear Stability

> 3000 known nuclides

only 266 are stabléblack dots)

So how long do the unstable guys live ?
t>~1ms

What's another word for unstable ?
radioactive

Lifetime is, of course, relative

Compard (p9 ~ 1016s = 1013 ms
t(B) ~10%2s=10°ms
t() ~10%s=10%ms

What principles dictate the shape of
the line of stability ?

exclusion principle & electrostatic
energy of the protons



To understand this, consider the kinetic energk oficleons in an infinite square well

What distribution of neutrons and protons giveslthveest energy (considering only pep) ?

Consider the case of 7 nucleons:
N =1A, Z="YA

pep alone favorbkl=Z

What happens to the PE if we now
include the proton repulsion energy ?

will increase

How does this PE depend 4r?

2
PEu z2 (recall E:§ 1 9
54pe R

)

At largeA, the energy is increased less by
adding 2n’s than by

adding hand M) | N-Zincreases with increasirgy

Also: tendency for nucleons to pair with othemtieal nucleons

We conclude that the nuclear force hgmaing property— this
feature must be incorporated in the building ofleacmodels



The Liquid Drop Model

In 1935 Carl von Weizsacker proposed Weizsacker'sesapirical mass formula

It is the sum of 6 terms: M, ,= ~_f,(Z,A
fo(A,Z) isthe mass of the constituergA,Z) = 1.00782Z + 1.0086654 — 2)

f,(AZ) isthe volume term f,(A2) = -a/A
This term accounts for the fact that the numbentafractions is proportional #&
(and thus explains whg/A ~ constant)

f,(A,Z) isthe surface term f,(A,2Z) = +a,A?3

This term is positive since nucleons at the suréageerience attractive forces only
“from one side,” so their binding energy is lowehigterm is equivalent to the
surface tension energy of the liquid drop

fa(A,Z) isthe Coulomb term  f4(A,2) = +a,Z%/AL3
The A3 term is there because it's proportionaRo



f,(A,Z) isthe asymmetry tem f,(A,Z) = +a,(A/2 —2)%/A \
Accounts for the observed tendency to hawveN (note f =0 for Z = N)

f-(A,Z) isthe pairing term f(A) ifZisevenA—Z=Nis even
fo(AZ) = O ifone OZ, Nis even, the other odd.
+f(A) if Z, N are both odd.
The functionf(A) was empirical, i.e., determined from the dathe®(A) = a, A1/
This term accounts for the tendency to have &vand everN

Finally, the values of the coefficierdsare

a, = 0.0169L, a,=0.01911, a,=0.000768, a,=0.1017%, a = 0.012



So, should this work ?  Well, it's empirical, it has to work

But plotting the different pieces together we cahasense of the relative contributions



The Fermi gas model

Concept similar to one in solid state physics. Bank move freely in effective well potential
filling available states up to;EScattering is suppressed by potential barriereat excited
state.

r r=aA3 N € 0.6A

44— “ 06A _ 045 p°°

E, Ve @4 : = p‘ag E = oM (026) @4 3MeV
‘*_F a3
4 "

A\ 4

This explains why NZ:

SR B S o
S Ay

neutrons protons




Magic numbers

Since ~ 100 elements and ~ 270 stable nuclideﬂ
Do you see any major deviations from this ?

Nuclides withZ = 2, 8, 20, 28, 50, & 82 have
larger than average number of stable isotopes

Likewise, Nuclides withN = 2, 8, 20, 28,
50, & 82 have larger than average number
of stable isotones

Magic numbers: 2, 8, 20, 28, 50, 82

What are they indicative of (think atomic) ?
shell structure

analogous to 2, 10, 18, 36 in atomic world

An island of stability is hypothesized to
exist around = 126

So far we’'ve only gotten up to 116
(with 113 & 115 still missing)

2.7 stable isotopes/element (on avg)

l






Nuclear Anqular Momenta and Magnetic Moments

What determines the angular momentum of a nucleus ?

It's a combination of the spin angular momenta eftilcleons (fermions) plus any
orbital angular momentum due to the motion of thel@ons

This resultant angular momenta is usually callectlear spin” and labeled

Nucleons individually have magnetic moments whiombine to produce the
“nuclear magnetic moment”

Where was evidence for nuclear spin and magnetimoends first found ?
In atomic spectra (as we've mentiohed
How do we “vectorially” obtain the total angular memum of the electrons ?J=L +S

Analogously, we obtain the “total angular momentwhthe whole atom by adding the
nuclear spin to the total electronic angular momentdm F=1+J

What are the possible quantum numberd=f@r

(I+3),(1+3-2),(1+3-2), ...|I-J]



What selection rules might you expect? DF=+1,0 butnoF=0® F=0

The number of possible values of F is (2J + 1Rbr(1), whichever is smaller

whichever

So, into how many components is each spectraklifie? (23 + 1) or (21 +1) | .~

This splitting is one of several effects that dme itesult of interactions of the
nuclear spins and moments with the environment®hucleus, called ... ?

hyperfine structure  (or perhaps “superfine” structure)

How big is the (hyperfine) energy splitting betwdeandJ ? DE=...7?

Considering

_ _ o interactions
What was the general expression for spin-orbit Bogly DE=gmmB | betweere's only

wheregwas ... ? Landeg factor (some complicated expressiorsof’, andl’)

m...7? Bohr magneton
m...7? (magnetic) quantum number of theomponent of
B..? magnitude of atomi& field
So, can we now guess the form for the splittingvieen! andJ ? DE = gymymB,

gy is the nuclear Landgfactor ,m,is the nuclear magneton,
m, is the (magnetic) quantum number of #g@mponent of



What atomic attributes determine the siz89?  outer shelk's, theirn, L state

DE = gymymB, What isgymm, ? The nuclear magnetic moment

Except form, (= e /2m)), values are same order as in general spin asbplmg

butm/m, ~ 103, so hyperfine splitting is 1/1000 as large as-Btreicture splitting






Sodium

Such splittings can
only be observed with
high precision
techniques (developed
only in recent years)

How do we determine the nuclear spin from this diag?

Familiar transitions:
2I:)1/2® ZS1/2 Dl
2I:)3/2@> ZS1/2 D2

Based on our selection
rule, into how many
components is thB,
line split? 6

Turns out that the spin
of all even-even nuclei
IS zero in ground state

What can we conclude
from this ?

Nucleons (likee's) couple
together in pairs of zero
angular momentum

Count the number of lines (iffl J, there are (21+1) different F states)



As noted, magnetic moment of a given nucleugmm,

Scale is set by, since 1 <g, <5 andi| =1

IF the proton and neutron obeyed the Dirac equatisgas the):

m(proton) = 1m, m(neutron) = am,

What we actually find is

values are not
m(proton) = +2.7928%, m(neutron) = -1.91304M, understood at the

1% level

Example Nuclear spin of Thallium-205High resolution spectroscopic study of the
spectrum of%T]| reveals that each component of the douttgt® 2S, (377 nm),
’P,,® 2S,,,(535.2 nm) consists of three hyperfine componddggermine the spin of
the295T| nucleus.



The Shell Model

Concept similar to one in atomic physics and md#gtdy magic numbers and model of
electrons in an atom.

Few very significant differences from atomic models
There are two kinds of particles

There are two different interactions.

The potential due to strong interaction is notekiown

JJ type coupling is important rather than LS



General form of the wavefunction:

J/nlmlmS = RnI(r)YIm| (q’f)(_ Or_)

Radial component of the Schrodinger equation:
d* 2M
ar? (IRy)+=-[Ey - Ve (N](R,) =0

Effective potential has two components:

2

2Mr ?

Ver (1) = V(1) + I(1+1)

Realistic nuclear central field potential:




Results:

R






The Collective Model

Combines best of both worlds. Nucleus is consistsamre of filled shells and additional
nucleons moving in effective nuclear potential.

Core <-> liquid drop model
Nucleons in unfilled subshells <-> shell model

Nuclear potential has no longer central charabi@rrather reflects “tidal” motion and
collective excitation of the core.

This model predicts quite successfully the eleajtiadruple moment of nuclei.



Nuclear Shape:

With few exceptions, nuclei are nearly spher

cal

most exceptions are in the rare earth eleméwsy7 — 71), have ellipsoidal shape

In such cases the inner atomic electrons wavefumefpenetrate the nucleus —
deviations from spherical shape appear as changas iatomic energy levels

Deviation is quantified by the electric quadrapolenment:

(Q)=Z y*[B3Z-( X+ y+ D) dv

spherical

<Q>>0 <Q>=0 <Q><0



Measured values of <Q> for some nuclei:

<—— spherical



Model Assumptions Predictions

Liquid drop Mass density constant, bindingEmpirical formula for
energies proportional to mass mass and binding energy
like charged liquid drops

Fermi gas Free nucleon gas in net nucleaDepth of nuclear
potential potential, assymetry term

Shell Free nucleon gas with strong Magic numbers, nuclear
inverted spin-orbit coupling  spin, nuclear parities

pairing term
Collective Deformations of net nuclear Magnetic dipole moment,

potential electric quadrupole
moment




