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Who Am |?

Once Upon a Time
... the (real) twins

Second Upon a Time

" Influence ... the (virtual) twins
« Mame (grand-mother) ( )
» Wife: Mornetka — T 3

» Daughter: Yannick (December 8) R

» Twin brother: René
« Son: Yoann (!)
» Daughter: Maeva (December 8!)

= Whole family ...
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Education ...

= High School
* Lycée Lamine Gueye

= College
 Université Cheikh Anta Diop (UCAD)
» BS: Physics & Chemistry (1987)
» MS: Physics & Chemistry (1990)
» Université de Clermont-ferrand Il (France)
» PhD: Nuclear Physics (1994)

= Positions

« Hampton University/Jefferson Lab (VA)
» Researcher; Professor; Chair of Physics

« Michigan State University (Ml)
UCAD University

g 5

g

(library)

s
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Cheikh Anta Diop
(Student of Pierre Joliot-Curie)
* 1923-1986
« 7 PhDs!

« 14C (dating) lab
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Research Interest [1]

= Nuclear Physics
 Correction to the Born Approximation
« Jefferson Lab (4-6-12 GeV era) — 1995+
» Michigan State University: NSCL/FRIB (MoNA Collaboration) — 2012+

= Accelerator Physics
» Beamline instrumentation: from beam to physics to patients
» Low energy electron accelerator (LELIA) @ HU
» US Particle Accelerator School
* Polarized e* scattering off rare isotopes (https://indico.jlab.org/event/680)

= Ultrafast Lasers (high power)
* University of Michigan (Gérard Mourou, 1997+ - 2018 Nobel Laureate)
» K. Assamagan et al, NIM, A438 (1999)
 High energy electrons from laser wakefield acceleration
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Research Interest [2]

H - ADVANCING MEDICAL CARE THROUGH DISCOVERY IN THE PHYSICAL
u e I c a ys I cs SCIENCES 2023

Joint DOE / NIH Workshop

* https://www.jlab.org/conference/amc-dps-22 AdiEming Medical Caro through Discovery

in the Physical Sciences Workshop Series:

 Improving cancer treatments Rodiaton DetectonJefferson Lab
» Scintillating fibers, 2001+

» Brachytherapy (Curie therapy),

* Proton therapy (HU Proton Therapy Institute) et

* Head Medical Physics Program 2011-2012

P. Gueye, C. Keppel, L. Tynes, D. Kieper, * Apparatus and method for radiation distribution mapping. U.S. Patent 8,133,167 (2012).

[ Pate ntS - P. Gueye, C. Keppel, L. Tynes, D. Kieper, “Apparatus and method for brachytherapy radiation distribution mapping." U.S. Patent
- 7,662,083 (2010)
P. Gueye, C. Keppel, C. Sinesi, *Apparatus and method for external beam radiation distribution mapping.” U.S. Patent Application
» J ] ] 3 US20140018675A1 (2005)

Related Links

* GADNA: Geant4 radiation damages to the DNA S

2018 MedTech Breakthrough Awards

» physics+biology+chemistry

HOME ABOUT SCIENCE CAREERS O\
,ge/ffe’rgon Lab

s designed and built by RadiaDyne, a subsidiary of AngioDynamics. Research involving the scintillating fiber
ation for medical applications was supported by Hampton University and DOE's Thomas Jefferson National

Real time dosimetry monitoring Active Catheter Development

for radiotherapy treatment for Brachytherapy : RESOURCES T —
- NATIONAL ACCELERATOR FACILITY
Developed by In-vivo dose
Jefferson Lab and measurements

Hampton University would allow for

12000 Jefferson Avenue, Newport News, VA
Phone: 757-269-7100 Fax: 757-269-7363

REMPLOYEES

scientists; licensed real time

to Radiadyne; evaluation of

R&D100 award, dose delivered

MedTech to patient

Breakthrough award THOMAS JEFFERSON NATIONAL ACCELERATOR FACILITY IS MANAGED BY

JEFFERSON SCIENCE ASSOCIATES, LLC FOR THE U.S. DEPARTMENT OF ENERGY
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E = hc/A

hc = 200 MeV fm
A=2fm > E=100 MeV

1 fm =101 m!

FRIB

Facility for Rare Isotope Beams

How Good Is Our Eyesight?

THE ELECTRO MAGNETIC SPECTRUM

1metre =100cm 1cm =10mm 1 millimetre = 1000 microns 1 micron = 1000 nanometres (nm) - one nanometre is one billionth of a metre
1075=000001 10 °=100,000

WAVE (type)
Radio Microwave Infrared Visible Ultraviolet X-Ray Gamma Ray
Ii— LONGER WAVE-LENGTH (metres) SHORTER _>I
I I I I I I I 1 I | I I I I I I
102 1! 1 107 102 10% 10* 10° 10° 107 10° 10° 107 107" 1072 1072
2 v APPROXIMATE equivalent size to:
\ S Z-* . o : >
» - R % i<
~—- of < 9 F
Football Field ~ Humans Butterfly  Pin Point Bacteria Virus Molecules Atoms Atomic Nuclei
I(-— LOWER FREQUENCY - Hz (waves per second) HIGHER _>|

I | | 1 1 I ! ! I 1 | L ! ! ! I
106 107 103 ]09 1010 10” ]0'2 ]0]3 10|4 10|5 10|6 10|/ 10|8 4|o|9 1020 102|

and falls approximately between 700 and 400 nanometres

Electromagnetic Radiation detected by the humam eye is called visible light

Ultraviolet X-Ray Gamma Ray

Radio Microwave Infrared

o]

VISIBLE LIGHT

© Copyright ColourTherapy Healing 2010 -www.colourtherapyhealing.com
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Making Atoms ...

(

nucleus
~10""%¢cm

atom~10%cm

periodictable.org
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Q electron

<10"®cm
proton
neutron)
quark
<10"®cm

~10"%cm
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2,3,4 ... Too Many

Interactions
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Making More Atoms ...

[] Alkali metals [[] Halogens
g group [J] Alkaline-earth metals [] Noble gases y 3 Isotopes of Hydrogen
s 1 [] Transition metals [[] Rare-earth elements (21, 39, 57-71) 18
Q .
1 and lanthanoid elements (5771 only) 2
1 [] Other metals Protium Deuterium Tritium
H 2 o oth - I Actinold ol ; 13 14 15 16 17 | He - _— — —
, 3 7l er nonmetals ctinoid elements 3 5 7 5 5 70 // \q ’,/ D\ // 7(\
L | Be B|C|N|O|F|Ne . (o) (e ) | oo )
3 1 12 13 14 15 16 iz 18 @ Proton My // \\\ / ‘\‘ //
Na Mg | 3 4 5 6 7 8 9 10 11 12| Al | Si | P | S |Cl|Ar 3 et T
H-{ stement | @ Neutron
4 19 (20 (21 [22 [23 [24 [25 [26 [27 [28 [20 [30 (31 (32 |33 (34 [35 |36 1 IH 2 H 3 H
K |Ca|Sc |Ti |V |Cr|Mn|Fe |Co | Ni |Cu|Zn|Ga|Ge|As | Se | Br |Kr - P EBcens 3 17 A
Atomic N
|37 [ [0 [a0 [a1 [a2 fas fas a5 a6 [a7 (s [0 [s0 |51 |52 [s3 |54 Porsemsmmsesi TR A A 31-2
Rb | Sr | Y | 2Zr |[Nb | Mo | Tc |Ru|Rh |Pd | Ag (Cd| In | Sn | Sb | Te | Xe
55 |56 |57 (72 |73 (74 (75 (76 (77 (78 |79 [80 [81 ([82 (83 |[84 [85 |86
4 Cs|Ba|La|Hf | Ta| W |Re |Os | Ir Pt | Au | Hg | Tl | Pb | Bi | Po | At | Rn Carbon Carbon - 13 Carbon - 14
87 (88 [89 [104 [105 [106 [107 (108 (109 [110 [111 [112 [113 (114 [115 (116 (117 [118 £
7 Fr |Ra | Ac | Rf [Db | Sg ([Bh |Hs [ Mt |Ds [Rg |Cn [ Nh | FI |[Mc | Lv | Ts | Og
lanthanoid 6 58 |59 |60 |61 |62 |63 |64 |e5 |66 |67 |68 |69 |70 |71 /..\ [
lanthanoid series
Ce | Pr | Nd|Pm|Sm|Eu|Gd|Tb Dy |[Ho | Er [Tm | Yb | Lu / ) ( e ® |
tinold 7 920 91 92 93 94 95 96 97 98 99 100 |101 |102 (103 ‘ / \
actinoid series
Th |Pa| U |[Np ([Pu|(Am Cm | Bk | Cf | Es |Fm | Md | No | Lr \
b \/ : R SRR =

https://www.space.com/universe-total-amount-matter-measured

6 Protons 12 6 Protons 6 Protons

6 Neutrons | C 7 Neutrons 7‘3C 8 Neutrons \ C
8 6+7-13 | ¢ 6+8-14

v ¢ G % -

4 protons 4 protons 4 protons 4 protons 4 protons | 4 protons | 4 protons

6+6=12

Dnﬁé as 0 neutrons 1 neutron 2 neutrons 3 neutrons 4 neutrons |5 neutrons |6 neutrons
‘Be SBe ‘Be 'BeEEESe | !'Be
rare stable —> rare
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Nuclear Chart & Nuclear Science

Data from G. Audi, et al., Chinese Physics C, 41(3),030001, 2017

The Chart of Nuclides

n
(=]

Proton Number

colev s Lo L Lo L Lo L a1
40 60 80 100 120 140 160 180

Neutron Number

Nucleosynthesis in the r-process
Joint Institute for Nuclear Astrophysics 2012

Time: 1.7e-03s

» 288 stables (T4,>life of the solar system)

« 3,308 different isotopes have been discovered (2019)

...........

Temperature:5.46 GK BT

u I s process

—_—
" [l Mass known

Pb (BZ)fj [ Half-life known

[[] nothing known

% o

F3

“spherical

FOIT

octupole
deformed,

hyperdeformed
superdeformed et

" Fig. 20.3. Shapes of nuclei:é :

https://webZ.ph.utexas.edu/~coker2/index.fiIes/rotat|0n2.htm
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HHEed
g4 ol

[ process

stellar burning |@F-| > Upernovae I

/ Cosmic Rays I
pretoes HOT £ Big Bang l

neutrons

K.Blaum et al., Contemporary Physics, 51, 149-175 2010
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Nuclear Physics — Brief History

Physics of Nuclei and Particles e = e e [ |
P. Marmier and E. Sheldon (1969) y R\ o il : Normalized Charge
‘ : ‘ distribution

Rontgen (1895)

Thomson (1897)

Rutherford (1911)
Bohr (1912)

Normalized Magnetic
Moment distribution

SLAC (20 GeV, e-)
CERN (28 GeV, p)

1990s
FRIB (200 MeV/u, AX)

y

Present

A

B e e e

Facility for Rare Isotope Beams
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Peaking Inside Closed Rooms

can Yyou reaLLg tell
what Ls Lnstole?
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https://lwww.vecteezy.com/free-vector/house-cross-section
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Peaking Inside Nuclei

e: electron ; Ze: nucleus
- - Feynawm biagram!!

p incident electron momentum -
p’  outgoing electron momentum ,’
q momentum transferred to the nucleus (q = p — p’) _
v «=
, =
5
Q
X
V
1y exchange
Nucleus Born Approximation
Electron v
O— do do 2
E, o _ b F 2
’ i)~ \dn (a”)
exp Mott
Prob(scatt. off target) = Prob(scatt. off point charge) |F(q®) }2
@ Facility for Rare Isotope Beams
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Nuclei: Spherical vs. Deformed
(see C. Santamaria & P. Giuliani lectures)

P.F.A. Klingenberg, Rev. Mod. Phys. 24, 63 (1952)

= Where are protons & neutrons? ’
* Shell model o e
= What about nuclear shapes e - B
* Quadrupole moment: how deformed are nuclei? 3D—XE§ZM » 55122
2f—{ 2f
Qclass = /(322 - X2)p(x)d3x <R> = (ab2)1/3; AR=a—-0 i 7
2 6 2AR 82 —-132—-( —;L —
2 2 2 = - — iz, s iz,
Qellipsoid = gZe(a —b*) = 5Z€<R> 3 € 3 (R) zdféég 2 s
Q §= Qellipsoid o 50197 _________11_ -
red — 2 - ——_. Lz g ="
Z€<R> 120 ——21‘:——%32 -__1_:25‘3’5_
z Nuclear core z 100 | ;o 28 | 172

S 20 —-
/ \ 50 & S o -
80 - = <
z - ~ g i 1d£
= = z o /./ ! 2 55 2s 5

r o P SR
m=£, =7 = 40 K’ ™ e et s et et et S s 8
— - hs 2 // » [ T e— 1T a—
""" m=,—1 S 20 20
2
m=1 0o 20 4|o elo acl) wlo 1zlo 14|o 1e|o nlau 200 1s - 1s
m=0 N E. Marshalek, L. Person, R. Sheline Protons Neutrons
@‘ Facility for Rare Isotope Beams R Lk B S TR {LSEE)
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Most Important Quantity: The Nuclear Radius!
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p(r) IF(g2)| Example
pointlike constant Electron
exponential Qole Proton
gauss { 5L

homogeneous

sphere osdillating -

sphere with
a diffuse L 40
surface oscillating Ca
r—- lgl—

10-27

10-28

10-29

«
10-30
10-31

10-32

doldQ [cm?/sr)

10-33
10-34
10-35

10-36

10-%7

20° 30° 40° 50° 60°

Bogdan Povh, Klaus Rith, Christoph Scholz, Frank Zetsche « Werner Rodejohann
Particles and Nuclei: An Introduction to the Physical Concepts
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Waves Interference

= Microscopic objects
* Electrons: point particles
* Nucleons: ~1 fm (1 x 10-1° m)

= World of probability!!
* Quantum mechanics

= Everything is energy = wave

— 2
€ = wme
f 1!2'1
\Vf\vf}vf;vh\ P\ JAVAVAVA\ Fan\ /AVAVAVAV, Wave 1
21752
\Vf\vf\vf\vf\v \‘Jl Vf\vf\vf\vf\ rinY IAVAVAVAVA\ Wave 2
\ 2 W o W NP TAAA-DAUWNANANAD A
(VAVALV AL b\ A G VAL ) “ i Resultant
Destructive Constructive https://studymind.co.uk/notes/interference/
Time

https://courses.lumenlearning.com/suny-physics/chapter/16-
10-superposition-and-interference/
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10777

Extracting Nuclear Radii

10-28 L

10-29

10-30

10-32

do/dQ [cmP/sr]

10~
10-35

10-36

10-31 |

10733 L

10-%7

&

FRIB

Our F-B parametrization

——=- Offerman’s Parametrization

+ 2C Data

10'2§

ZF, = d4m [ ppridr
= Yol (-1,

a
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U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane ¢ East Lansing, Ml 48824, USA

frib.msu.edu

10°F

10%:

p(r) S R R

05 10 15 20 12.5
qeff[fm-]

0.06

. . ~r
6 7 8 A. Kabir, PhD Thesis, Kent State (2015)
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Probing nuclei and nucleons with electrons

https://commons.wikimedia.org/wiki/File:EM-Wave.gif

The power of (electron) scattering experiments as a microscope
- A[beam] + B [target] = inside view of the nuclear matter!!

- Invariant mass techniqueprobing new particles/states

- Missing mass technique probing reaction mechanisms

Nuclear Response function

4 ELASTIC RESONANCE R(Q*
(0] SCATTERING REGION 0%, w)
—— ey DEEP
Electron-nucleon —A INELASTIC :
, Ly SCALING Giant
scattering REGION Resonance
x N*
PRODUCTION W
~ THRESHOLD o |
) : Lepton scattering off nucleus
2 Elastic
Q2m,
Deep Inelastic
1 ELASTIC sl Quasi “EMC”

O | SCATTERING ELASTIC e kEne ‘?’,x’ Nucleus ® w
Electron-nucleus NUCLEAR SCALING ,$) Lepton scattering off nucleon
scattering REGION P A .

d/ Deep Inelastic
“QUARKS”
0} o Proton Elastic x=QY2My w

1' ll =1
Q’em,  Q'im,
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Beyond the Born Approximation

Born Approximation

partial-wave

analysis
... Coulomb Corrections

W >>VW< + ... Radiative Corrections

0>

+

[n> + ... Dispersive Corrections

10>

Facility for Rare Isotope Beams
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static
analysis

dynamic
corrections
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What’s going on with >1y?

1
[ Ry (w,| 1
H _ (W, q|) 1
In-medium sula) = [ 7oy b £ vop@n™ ! Proton radius
nucleons & the J. Morgenstern & Z. Meziani : : i
: ; : J. A. Tostevin and A. Gade H
Coulomb Sum EPJ, A7, 451-455, (2003) Phys. Rev. C 103, 054610 (2021) i
Rule (CSR) 10_2‘::1: SACLAYDATA 3 | @ :
} T g J : ' 1
3 00 P s 1ok 0.61 — 0.016 AS (10) I
e e S a8 B . Muonic hyd
» 06 } i % : zsgéctro);c?;ien Electron scattering
& 0.8 1 1
04 = 1 ¢ | Pt
o [oae AoRTA L o[ e nenons a8 | i ! b !
14 1 1 g 1 1 | ([
04 | (oepy as=s -5, Y : 0.83|Ifm o.z|34 o.tlss o.zlzs 0.|87 o.zlzs o.zlzs
e n-removal: _\S=S"-SD e 1 i ‘ ’:‘ i
02 * p-remolval' A\S=Sp»‘S" E c ,;éT»Ar_ 1 | O |
205 5 0 =50 55011001200 -30 -20 -10 A8 (ISIeV) 0 20 i Beyer et al. hydrogen spectroscopy Earlier hydrogen spectroscopy
Q. (MeV/c) 1
1
M. Paolone, JLab e05-110; CSR quenching? :
Hall A/C Collaboration (January 2022) :
o A 189 | o B e W. Vassen, Science, 358, 6359, pp. 39-40 (2017)
< - . T—r H | mesam 1550 : R. Pohl, Nature, 466 (2010)
- Al = 1 1
L I I | |
+++ free current — Hartree 4 I i i 1
. free current -RPA = & o i 1
- =+ 12C current - RPA | A \l 1
NM current - RPA £ btk i | i
?gscph:exper_lmen: 1 e \ o4t 1
) o 4 ec ggﬁgm? R 13;0 SEUT PPN IS :
0 0.2 0.4 06l 08 1.0 o b 1
la| [GeV] !
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Ge/Gy, puzzle: the role of two-photon exchange

ky ks
| g
P1 P2

d_U_ O Mott
dQ  e(1+7)

a’eg cos? 0 /2

OR

0_
-2:_
4
— -6
E L
Q -
e-_ —
= F
<-10_—
- —e— H
T2 m e
- - . |2c
14— &
F —=— 2%pp

orT

'
0.05 0.1 0.15 02
Q[GeV]

S. Abrahamyan et a/. (HAPPEX and PREX Collaborations)

e,
&

FRIB

Phys. Rev. Lett. 109, 192501 (2012)
Facility for Rare Isotope Beams
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0‘ _—
Mot 43 sin 02
2 2 € 2 /"2
or =G5, (Q%) + _GE/(Q )
%, T %
o, Y%,
Se O;ée/

Unpolarized

Polarized

0.4

0.2

M. Kohl, NSTAR2017
Columbia, SC, August 20-23, 2017

T T TTTTT T T

| = Christy (Jlab 2004)

- Pospischil (Mainz 2001)

TTTTITT] T
e Qattan (Jlab 2005)

— — Kelly 2004
4 Andivahis (SLAC 1994)
Walker (SLAC 1994)
Borkowski (Mainz 1975)
Bartel (DESY 1973)
Berger (Bonn 1971)
Litt (SLAC 1970)
Bartel (DESY 1967)
Janssens (SLAC 1966)

X * O P o 0O «

Puckett (Jlab 2010)
Paolone (Jlab 2010)
Ron (Jlab 2007)
Crawford (Bates 2007)
Hu (Jlab 2006)

Jones (Jlab 2006)
MacLachlan (Jlab 2006)
Punjabi (Jlab 2000/2005)
Strauch (Jlab 2003)
Gayou (Jlab 2002)
Dieterich (Mainz 2001)

> o0 4% %

mae

4 Gayou (Jlab 2001)
= Milbrath (Bates 1993)
1 lllllll 1 1 lllllll

T TTT llll
Friedrich+Walcher 2003 |

T

. W
L ;
—,—
.

10 1
Q?/(GeV/c?)

two-photon
exchange

diagram
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Neutron skin puzzle: the role of virtual excitations [1]

(see L. Broussard talk)

= PREX: D. Adhikari et al., PRL, 126, 172502 (2021) S
* 208Ph: R, - R, =0.283 = 0.071 fm f

= CREX: D. Adhikari et al., PRL, 129, 042501 (2022) °t

CREX

L2

9]

H————
lIlIl

[RR—

z T ]
: = =y - 95GeV 1 2.18 GeV .
*48Ca: R, - R, =0.121 = 0.026 (exp) % 0.024 (model) fm & T D95GeV T 218GeV, §
S5 — —]
< T e
P.-G. Reinhard, X. Roca-Maza, and W. Nazarewicz S. J. Novario, D. Lonardoni, S. Gandolfi, and G. Hagen C 12 %, T —
PRL129, 232501 (2022) PRL130, 032501 (2023) -0~ T
[ [¥*%ca $2Pb T ]
0.5 & anti-p x ray % PREX-I I{\r'ICREX - l 4 | ]
'8 QO p scattering 1 PREX-II 005 2 2 2 2 010 2 L . 015 L L L L 020
01 - B . . .
- s CREX Q (GeV)
C
. ‘eo“ —) ) Adhikari et al, PRL 128, 142501 (2022)
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Neutron skin puzzle: the role of virtual excitations [2]

Born Approximation
partial-wave
analysis
.. Coulomb Corrections
static
analysis 2
|Melast+disp|2 = (O‘QeZ)Q [F(QQ)}

. Radiative Corrections —+ 2(aq€Z) [F( )RG{G( )}}
| + (ageZ)* [|ReAG(@*)}* + [Zm{G(¢*)}*]
0>

dynamic 1
> .. Dispersive Corrections corrections
o | T
......... N
do _ (4o |F(q?) |2
a0 ).~ \do d ,, ,
exp Mott ls it what is happening?
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Wait ... There is More!!
Nuclear Tomography & Polarization?

Meson electro-production

Gt = e PaPs{RP +eLRy”
+ [2e0(14&)]V2(°RES cos ¢,y + SREG sing,) G, Knéchlein, D. Drechsel, L. Tiator
+ e(*RY2 cos 26, + *RPTT sin 26,) Z. Phys. A352, 327-343 (1995)
+  h[2ep(1 - 8)]1/2(CR7’B%, cOs ¢ + SRQQOL‘, sin¢,) 3D nucleon tomography!!
+ h(l- 52)1/2}{?0‘ ) (DVCs, parton distributions ...)

Table 1. Polarization observables in pseudoscalar meson electroproduction. A star denotes a response function which does not vanish but is identical to
another response function via a relation in App. A

Target Recoil Target + Recoil

3 A /—' - - z' v 2! 2! z! ! v ooy 2! z' z
a - x y z . — - T y z z Yy =z x vz
o | RY 0 RY 0 o RY" 0 RE® 0 REF 0 s+ 0 R{T 0 Ry”
g1 ¢ Ry 0 Ry 0 0 * 0 REZ 0 REF 0+ 0«0 x|
5|t <Ry, 0 °RY 0 0 . 0 CREEF 0 4+ 0 s« 0 CREF 0« @
o | °TL 0 “RY%, 0 “RY, *RZ0 0 °R;! 0 0 & 0 = 0 R =
g' °TT  °RPp 0 * 0 0 * 0 * 0 * 0+ 0 * 0 * S
S| err 0 *RY%. 0 *RYEL.  SRES 0 CRRQ 0 0 0 = 0 0 o
“rr o ||<Rr%, 0 °RY, C°R¥, 0 R, 0 £ 0 % 0 9« 0 « 0
sTL' *RY,, o °RY, 0 0 + 0  C*RZE, 0 « 0 x 0 SRzF 0 x
7" o )\ 0 RO, RO, o  RY, 0 S 0 s,
: ki —
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Thomas Jefferson National Accelerator Facility
(Jefferson Lab)

& | 12 GeV, 14 kW
|| Polarized e-
|| CW (1.5 GHz)

Low Energy
ecireubator Facility (LERF)

falech
Greanwile

Newport News, VA
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Neutron Stars And Strange Stars?
(see P. Giuliani, B. Ramson, B. Dongwi talks)

» Need to understand elementary process

= Start with lightest ones
* uds: A(1115), 29(1192)
* uus: 2*(1189)
« dds: 29(1197)

= Formation of hypernuclei: AX - A- 1XY A3]
* Interactions: NN, AN, 2N, ANN . ‘ B enie

NEUTRONS \,! N

, Facility for Rare Isotope Beams
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F. Weber et al., Mod. Phys. Lett. A 29, 23 (2014)

Strange Quark Star Strange Quark Star Neutron Star _
. e Hydrogen/Helium plasma
® Iron nuclei

Outer Crust
® lons
* Electron gas

Surface
* Degenerate
electron layer,

Inner Crust

® Heavy ions
\  Relativistic electron gas
| ® Superfluid neutrons

|

|

)
/ Outer Core

/ ® Neutrons, protons
® Electrons, muons

Inner Core

Neutrons

* Superconducting protons
® Electrons, muons

e Hyperons (2, A, E)

Core

® Electrons
® u,d,s quarks 2 e Deltas (A)
(color-superconducting) e Boson (x, K) condensates

superconducting quark matter
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* Deconfined (u,d,s) quarks/color-



Homework

= Calculate the elastic scattering kinematics (use relativistic kinematics)
* Known . incident electrons (E;., Pi.c), Scattering angle (O)
* Unknown : outgoing electrons (E.yt, Pout)

» Assuming a homogenous sphere of radius R
* Known density

%WR3 forr < R

p(r) =
0 forr > R

* Replacing the density p(r) to show that the form factor F(q?) is

i h
F(q?) = 47T/p(7“) Sm’i{ﬁlﬂ’;}é )r2dr = %(Sina —acosa) ;o= |q|R/h
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