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Binding energy

Liquid drop model

More nucleons More surface More protons More asymmetry
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https://en.wikipedia.org/wiki/Semi-empirical_mass_formula
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Liquid drop model
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For today

Questions?

Quantum mechanics - \/

Building (better) nuclear models

Pablo



Quantum mechanics

“I think | can safely say
that nobody understands
quantum mechanics.”

Richard Feynman



Quantum mechanics

“I think | can safely say two things we need today
that nobody understands
quantum mechanics.”

Richard Feynman
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1) Everything comes in “quanta”

two things we need today




Quantum mechanics

1) Everything comes in “quanta”

2) Schrodinger equation* describes the
dynamics of the system

two things we need today

*For things moving very fast: Dirac Eq.
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Quantum mechanics

1) Everything comes in “quan

Visualization of Electron Waves

with each under these conditions. The numbers apply to the hydrogen orbits.

n==:

................

For a hydrogen atom:

Electron wave resonance

n=1
/\/ A, =2mnr, =6.28a,

n=2
/\/\/ 2\, =2mr,
)\.: =1257a, )

n=3 ATt

)"J = |8.85(l” 3A_‘ =21 r, ..............
Wavelengths for hydrogen states.
a, =0.0529nm = Bohr radius

Electron waves

[The electron waves for the first three Bohr orbits are visualized here, depicting the waves as
Imeeting a kind of resonance condition so that the continuing waves interfere constructively

Index

Bohr
model
concepts

http://hyperphysics.phy-astr.gsu.edu/hbase/ewav.html




Visualization of Electron Waves

[ ]
he electron waves for the first three Bohr orbits are visualized here, depicting the waves as
meeting a kind of resonance condition so that the continuing waves interfere constructively

with each under these conditions. The numbers apply to the hydrogen orbits.

----------------- n=3

..................

For a hydrogen atom:

Electron wave resonance Ty

1) EVerything comes in “quan| Vi -z -exa
/\/\/';;.:2=2an

A, =12.57a,
n=3 {% Wl

A, =18.85a, 3\, = 2mr, .............. e

Wavelengths for hydrogen states. Lol

a, =0.0529nm = Bohr radius

Electron waves

http://hyperphysics.phy-astr.gsu.edu/hbase/ewav.html

Pablo: don’t forget the rope

Thanks Tibor for the rope!!



Quantum mechanics

electronic
shells of

nucleonic

shells of
the atom

the nucleus

Nobel Prize 1922 | Nobel Prize 1963 ‘

. ' ey Xc 5 129 3p1/2
Bohr’s picture still 48 —
serves as an —_— 1i1312
elucidation of the 36 K . —— 303/
physical and chemical N 2 d 4p 1h

: s 11192
properties of the — 3 T 2Mp
elements. 4s i lei

noble gases magic nuclei
(closed shells) — | 18 JAr (closed shells) 89 2d
312
1hq112
3812
1972
2ds)

50
We know now that J
this picture is very ————— 1992
incomplete...

Krypton Atom

Slide made by Witek Nazarewicz
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1) Everything comes in “quanta”

2) Schrodinger equation* describes the
dynamics of the system

Nuclei looks more like an
onion than like grapes
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=

Not-nucleus Nucleus



Quantum mechanics

1) Everything comes in “quanta”

2) Schrodinger equation* describes the
dynamics of the system

Nuclei looks more like an
onion than like grapes

\ S =
_\f"\._\‘ /,\

Nuclei are
like ogres

Not-nucleus Nucleus




Quantum mechanics

2) Schrodinger equation* describes the
dynamics of the system

H|ib(z, 1)) = ’Lﬁ |¥(z,1))



Quantum mechanics

2) Schrodinger equation* describes the
dynamics of the system

uantum)  H 1) (x, 1)) = ’Lh W(i’? t))

N

(classical)

— ma



Quantum mechanics

Chess

Think of it as the
rules of the game

X

Q

Tic tac toe




Solar System Video - The Best Planet
Video for Educational Purposes

Quantum mechanics

m1mo
2

F=

r

Think of it as the
rules of the game

gl
|
3
K

(classical)




Quantum mechanics

2) Schrodinger equation* describes the
dynamics of the system

uantum)  H 1) (x, 1)) = %ﬁ W(-?U t))

82 2.0
H = = Wir? Think of it as the
ox 10 rules of the game
Harmonic o:o-
Oscillator 05




Quantum mechanics

P NN FPG(“?/\
E4 L 4(‘)
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Spectrum E o / - P
1 \ ////,/ v
ho N P
y 3 | B & Py(x)
. | ho/2 /<_>\ . X
02 0 '
2 2

H = - W

ox? o
Time-independent

armerte H|w(x)) = Elp(z))

https://en.wikipedia.org/wiki/Quantum_harmonic_oscillator




Quantum mechanics

Can we model the
nhucleus with this?

Spectrum

E, = hw(n + %)

0” 2 9
H = 8:192'0033

Harmonic
Oscillator

ho

| ho/2

Time-independent

Hlyp(x)) = Elip(x))

https://en.wikipedia.org/wiki/Quantum_harmonic_oscillator



Quantum mechanics

Can we model the
nhucleus with this?

rgy (MeV)

Spectrum

E, = hw(n + %)

single-particle ene

30

. ho
40 __ [2] 2N=0

C Harmonic
2 C Oscillator
L Potential

H = 5.3 - W
L Time-independent

armerte H|w(x)) = Elp(z))

| ho/2

https://en.wikipedia.org/wiki/Quantum_harmonic_oscillator
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Quantum mechanicmo Magic numbers?

Can we model the
nhucleus with this?
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Quantum mechanics

Woods-Saxon potential —Va {1 + eXp(T — )}
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Woods-Saxon potential —Vfu {1 + eXp(T = Rv )}
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Nuclear shell model potential
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Building better models

H|ib(x,t)) = ’Lﬁ (1))



Building better models Rules of the game

(we don’t have
them) 7

Hlp(z, b)) = ihaW(a:,t))




Building better models Rules of the game

(we don’t have
them)
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Building better models

Liquid Drop
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Building better models: Reactions
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Building better models: Reactions

All this gives us
hints about the
rules of the game

HI (e, ) = i (e, 1)
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Building better models: Reactions |
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Jupyter

https://github.com/ascsn/theory-challenges

L9

o ascsn / theory-challenges

Code () Issues 1 Pull requests ® Actions [ Projects

theory-challenges  Public

¥ main ~ ¥ 1Branch © 0 Tags Q Gotofile

= pabggpnMSU Update README.

i

M Wiki

hallenge

.devcontainer Add d ntainer files --
LDM Challenge Updated tt KB challenge
Optical-Potential Challenge Added more
Self-Interaction Challenge Added Self Interacti

Time Dynamics Challenge Fixe: n time ¢

(/) to search

@ Security

57 EditPins ~

endent challenge

|~ Insights

& watch 1

<> Code ~

hs ago

hs ago

hs ago

hs ago

hs ago



Starting up with Python

¥ main ~ P 2 Branches © 0 Tags Q Gotofile t Add file ~ <> Code ~
5 pabggpnMSU Add files via uploac 33ebaad-2daysago YL) 35 Commits
ClassicalMechanics Create About.txt 4 days ago
Coding Moaving more things around 4 days ago
Math Add files via upload 2 days ago
QuantumMechanics Create About.txt 4 days ago
[ .gitignore cleared outputs on notebook; added .gitignore 3 weeks ago
[ README.md Update README.md 2 days ago
11 README 7

online-guides

Compilation of the online guides for the coming up to speed course (https://forum.ascsn.net/t/2024-coming-up-to-

speed-summer-course-introductions/234)

Recorded lectures:

e Lecture 1: Introduction, Derivatives and Integrals

Check out these videos on how to start playing with python:

¢ Python tutorial 1: Setting up online coding enviroment, using lists, loops, and functions 4

Online guides with video-lectures and FRIB
python notebooks!

Math Classical Mechanics ﬁ(
Link to the videos Python Quantum Mechanics



https://www.youtube.com/playlist?list=PLx2qaC0Xa2Rsj85ffzyUmyGkaQrh9iY8V

Hand-on session time
Liquid Drop Model * * * Piifteutey
Reaction cross sections ** *

Time Dynamics *

Self Interaction * *

Proton emitters lifetimes * *
_ @

Single particle spectrum * * * J.;L_,J‘py e_.r '




Hand-on session time

Calibrating the Liquid Drop Model Challenge * *

The purpose of this challenge is for you to calibrate the Liquid Drop Model https://en.wikipedia.org/wiki/Semi-empirical_mass_formula and compare the
results of a "black box" calibration vs a principled Bayesian one.

Your task is to:

e |mport the data from the AME 2016 table (included in the github). We are only using nuclei above A=16 to avoid light nuclei where the LDM fails
particularly. Perform a curve fit using the built in functions from python
(https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit. html) and take note of the reported uncertainties in the parameters.

* Make a plot of the residuals and estimate the model error on its best fit.

¢ Make a model calibration using the Bayesian formalism that is defined in the acompaning file "# Guided Example Bayesian calibration". For the error,
use your estimation from the previous point (the model error in this case is much smaller than the actual experimental uncertainties).

¢ Plot the corner plot posterior as well as the model values on the Binding Energy per nucleon for the Calcium chain up to 60Ca including the available
experimental data.

¢ What would be the results if you have used in the calibration the Binding Energy per nucleon instead of the total Binding Energy?

e Bonus: Find the experimental error in the masses and repeat the calibration using only experimental errors. This should give a good demonstration on
the dangers of not taking into account model errors.

ol

3{ 1523
14.05

Z(Z-1)  (N-2)

: / ¥ | Eg = ayA — agA*3 — ac
Al/3

0.451 0.729

- - 0y Magic numbers! i

31 0.999

3{ 0990 0.986 75 19
2 b tes el
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25 ; Woluma Surface Coulomb Asymmetry
S S 1% 6 [MeVI Q™

—31{ Heavy All

-3 0 3 -3 0 3
Avar Agurf
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Reaction Cross Section Challenge * * *

Notebook adapted from the ROSE challenges made by Daniel Odell and Pablo Giuliani:

https://indico.cern.ch/event/1223721/contributions/5394829/. Functions for calculating the wave-function solutions and phaseshifts adapted
from the ROSE github: https://github.com/odell/rose

The purpose of this challenge is to extract information of a nucleus through the scattering cross section of particles that interact with it (in this
case, neutrons). We will use an optical potential to model such interaction.

The acompanying re-scaled Schrodinger equation is:

d> 4L+ 1)
_d.‘}2 82 + U(s:ka) —1 (;5(3) =0 )
3 1
| —— WF real
| W i .
24 : - Potele':t?gl Real 10°
i -=- Potential Imag —
! %
1 =
! 5 10°
@ o9 &
he =
Pt
1 % 10
27 0 ks
1075 50 100 150
P 25 50 75 100 15 130 s 20 0 (deg)
s
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2.0
Time Dynamics Challenge *
1.0 1
This challenge is about computing the time evolution of a quantum system. We 0.5 4
will focus on the harmonic oscillator for this first exploration (you could try a self
interacting particle after you finish this challenge). Our Hamiltonian is: 0.0
9 —0.5 4
H=—_"- +az?
2 -1.01
o Re[¢(z, 1)]
Let us drop the numerical constants to simplify notation (A = 1). =E57 Im[qb(a:, t)]
| . o -20 S T N £)12
The evolution of a quantum mechanical wave function is described through =4 -3 —2 -1 0 L |¢($; )l

1 ? E)E 1 ? 7

which results in the evolution operator from an initial state:
p(t, ) = e '[p(0, 2)).

To solve the problem numerically, the evolution operator is usually expanded in its
Taylor approximation and a finite time step At is taken:

|p(At,z)) ~ (1+ (—iHAt) + ;(iHAt)Q +...)|8(0, z)).

By taking small steps At, we can leave the expansion up to a small order (even
linear in At) and arrive at the final time by succesively applying the approximated

evolution operator.
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Self Interaction challenge *

The purpose of this challenge is for you to build a solver for a self interacting particle:
Ho(z) = Ap(x),

with

where the density is defined as:

and the wave-function is normalized:
[16(@)de =1

With parameters & = {k, q}. This is the 1D Gross-Pitaevskii equation describing approximately

the low-energy properties of dilute Bose-Einstein condensates. We will use it as a proxy for the
non-linear Density Functional Theory equations. Check out
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.106.054322 for a cool emulator on it.

Note that H depends on ¢, this is a tricky problem to solve. One approach is to solve it first for
g = 0 (no self-interaction), obtain the wave function ¢, create the density p(), plug it back into
H and solve it again, repeating until the system converges. One recomendation is to mix the new
solutions slowly to avoid instabilities: when updating the new density p(z) to mix it with the
previous one, around 85% and 15% old with new.

No
interaction

Self
interaction

40Ca nucleus vibrating
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Calculating life time of proton emitters * *

The purpose of this challenge is for you to calculate, and compare with experimental data, the life time of proton decays for several proton emitter nuclei.
We will follow the directions of the accompanying file: "WKB-protons.pdf" prepared by Witek Nazarewicz as part of his nuclear structure class.

Your task is to:

* Solve questions 1 and 2 of the attached pdf. Consider that making integrals is easy if you discretize the "x" space and replace them by dot products
(ask for help if you don't know how to do this)

Lifetimes - r
I = SpN4— exp ¢ —2 |k(r)|dr
Nucleus  Q, (keV) Orbit i H r1
109
I 829 +4  1d (100 *=5) ps Vir
53456 5/2 .
e ) ) centrifugal term
s 893 £7 1dss (500 +100) us
i B 977 *+4 1dsp (17 =2) us
w1140 %3 Ol (235 *£27) ms
1210 £5  Ohyyp (72 +23) ms
Wit 107123  Ghye ks e
1032 %4  ldy, (360 +40) us
10 ng 1283 +4  Ohyyp (40 £30) ms
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Woods-Saxon spectrum challenge| | 14sn
neutron potential
The purpose of this challenge is for you to build the single particle spectrum of o( 01 23456867
a Woods-Saxon potential with a spin-orbit term. Our Hamiltonian is: /': -
- ermi
712 dz h:z €(€+1) -10} o { | energy
— + + Vegt(r, @) — E| ¢(r) =0 O
[ 2mdr*  2m 7’ ex{r: ) } ) ’ < e e—————
2 -20¢ et
where the effective potential is: ‘é’ -
;o s | ]
Vee(r, ) = Viws(r) + (£+ 5)Vso(r) - — ]
2
where the Woods-Saxon term is defined as: -40| - 4//J
r— R\7! =59 NZ
I/‘NS(T:' (I) =V {]— -+ exp( )} ) -50} % A MeV
a
and the spin orbit is:
1 d r Ryl v Magic numbers! &
Vso(r,a) = Vsora— — [1 + exp( ﬂ , LWG‘,
rdr a 75 82, H
50 - 50‘,——}” : |
20 ,
. iji 5 [MeV}i |
z | o _15
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https://forum.ascsn.net/

Topics Nuclear Theory challenges space 4

My Posts Educational Programs education, summer-programs

Review B .
pablo 2023 FRIB-TA Organizer

Admin

A space to present, discuss, and work in teams for the challenges of the theory hands on sessions
for various schools and talks including the EBSS 2023 (

the Nuclear Science Summer School (
Categories )
Educational Programs

GitHub for the challenges:

More

ASCSN Scholars

Ju pyte‘y‘r

https://github.com/ascsn/theory-challenges
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