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Broad Overview of Rare Isotope Science

Properties of nuclei
* Develop a predictive model of nuclei and their interactions
« Understand the origins of the nuclear force in terms of QCD

« Many-body quantum science: intellectual overlap to mesoscopic
science, quantum dots, atomic clusters, etc.

Astrophysical processes
« Chemical history of the universe; use this for stellar archaeology
» Model explosive environments

 Properties of neutron stars,
EOS of asymmetric nuclear matter

% ’é Tests of fundamental symmetries

Nuclear %

8. « Effects of symmetry violations are  structure
amplified in certain nuclei

Tests of
Fundamental
Symmetries

Societal applications and benefits

* Biology, medicine, energy, material /,r"’ ‘

sciences, national security { Nuclear
< Astrophysics
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Novel Quantum Structures

lers In

New Front

This Talk — novel quantum structures in atomic nuclei
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FRIB specialty — Produce new exotic

Isotopes
 Large neutron skins
, _  Modified mean field
Relative Potential P erties
04
i protons
. >LB1992
015 radus fn
neutrons
=

Science: Pairing in low-density material, new tests of nuclear models, open
guantum system, interaction with continuum states - Efimov States - Reactions

‘
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Experimental ssf- % 1
“Discovery” of Halos ol
= rI
« Evidence for the size N - pooe )
of 11Li was found from 0 . Na T A e U
total interaction cross - / |
section measurements target 20/ It ﬂ ]
(Tanlhata PRL1985) Gintemction =H In(Na/NO) \ E ECF -
« One of the first thing s o
we |eal’n about nUCIEi Nuclear Radii (RM_ - 1.47) fm
is that Nuclear radii P

follow the formula:

3 Q
r=r, Al3 . - 0209 m

(Equation 1.2 Wong ]

Introductory Nuclear 7 | B
P hyS I CS ] Q0o Neutron Drip line
51 Q o
 This is incorrect |
1 = . 000 I
- 1 o . fm
|. Tanihata, OSAKA . 1 1 0,5 ,1 ,1.5 ,2, .
0 5 10 15 20
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The Availability of Rare Isotopes

blue - about 3000
known isotopes

rp-process

r-process

New territory to be explored
with next-generation rare
Isotope facilities
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The Reach of Modern Isotope Production
Facilities

* Next generation facilities
will produce more than
1000 NEW isotopes at
useful rates (5000 80r
available for study;
compared to 1700 now)

(&)]
o
I

 EXxciting prospects for
study of nuclei along the

Proton Number
B
o

drip line to
A=120(compared to r-process
A=24) 2 | el ey
' mm 1079 - 1012 pps mm 102 - 104 pps
. 0 - T i
Production of most of 105 - 1010 prrs 100 - 107 b

the key nuclei for
astrophysical modeling

106-108 pps W10-2- 100 pps
w104 -105pps MM104-102 pps
| | | -

. |
* Theory is key to making 0 20 40 60 80 100 120 140
the right measurements Neutron Number
and interpreting them

Rates are available at http://groups.nscl.msu.edu/frib/rates/
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A Challenge for Nuclear Science

Degrees of Freedom Energy (MeV)
« We want to model physical 2 0O %° 6
phenomena that are the resultof 3 g
the strong force = @ 940
. 0 0 0 U)
* This includes understanding atomic 2 consiuent quarks JPARC
nuclei, hadrons, QGP, ... T 9@0 i JLAB
« We have made remarkable S FAIR
progress in modeling hadrons — i e
Nobel prize in 2004 Gross, = -
Politzer, Wilczek ; LQCD E protonsepration
calculation of nucleon and meson 5 RIBE
masses (Durr, Fodor, Lippert etal., g g FRIB
I >
Science 322 (2008)) £ 5 FAIR
. . . vibrational
* There is room for significant GANIL
progress in understanding atomic nuoonc donsies
nuclei o 0.043
rotational
e lllustration from David Dean siate ol

collective coordinates
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How do we model nuclel? One
approach, start with NN forces

« Approach: Construct NN 300 T

potentials based on neutron and j 'S, channel -
proton scattering data and
properties of light nuclei (Bonn,
Reid, Illinois AV18, Nijmegen,
etc.)

* More recent approach is to
construct the potentials some -
more fundamental theory ) IR | R

—QCD Inspired EFT
Bonn

— String Theory Inspired — L Reid93
Hashimoto et al -100 |- AV18

— Lattice QCD RN R R B

200 - .

| |
repulsive | 27 | ]
100 core | o, w, o | -
i | | ]

| |

Ve (r) IMeV]

r [fm] _

0 0.5 1 1.5 2 2.5

Yukawa 1935 N. Ishii, S. Aoki, and T. Hatsuda,
Phys. Rev. Lett. 99, 022001 (2007)
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The Nucleon-Nucleon Force

200 F
I AV18

100}

N. Ishii, S. Aoki, T. Hatsuda, Phys.
Rev. Lett. 99, 022001 (2007)

-100}

V [MeV]
T T = T T

00 05 10 15 20 25 3.0
r [fm]

In nuclei even more complications since nucleons have structure
and three-body forces are also very important (four-body, ...)
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Comparison of Calculated and Measured
Binding Energies with NN models

_ Energy
» Greens Function 204 (MeV)
Monte Carlo ) _ —
techniques allow up —
to mass number 12 5t | = -
to be calculated — ot | — _
+ - —
« Example blue 2- 1 = —0 - o _a+
body forces V4 07 — ) ot
- 1
* S. Pieper 4 6
B.Wiringa, etal.  -35T e He SHe
— v18 NN potential 61 ;
— UIX NN + NNN potential
40+
— EXp
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New information from exotic
ISotopes

* Neutron rich nuclei —~ Ene
(Me

were key in 20+ T .-
determining the ® | —
Isospin
dependence of 3- -25 T T
body forces and —_
the development +
of IL-2R from UIX =307 — ot

 New data on A
exotic nuclei -35+¢ Al bea-
continues to lead - A
to refinements in - I R I |
the interactions 40T - T T ential

T. Otsuka et al. PRL 2010: NNN force may be the solution to
Propetiddess@astinds digpexieegsdntie in determining NN and NNN potentials
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Current status of the GFMC

calculations
-20 -
AW :\&f\«u”é s :
30 :_4H 0" oo s 1 \"5 =
-'He 6H I\ B! ]
o CHeg Tepe k
- 13/2- |
N 7Li |
_50 -
' 8Li

Argonne v g
with Illinois-7

Energy (MeV)
o)
S

70— )
- GFMC Calculations
-80 (
-« IL7: 4 parameters fit to 23 states II\‘;?'IS.XE \
90 * 600 keV rms error, 51 states | AVIS
- * ~60 isobaric analogs also computed | +1.7 EXpt. |
: - 2
-100
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Next Steps: EFT based on QCD
Symmetries — “Chiral”

» Use the features of the pion in constructing an effective theory

Two-nucleonforce Three-nucleon force i Four-nucleonforce

| 1500000000000 0003000000 AR RO A OO COEE OO OO aC A0 RN CN A CHE0S OO C 0o C0N0CC0 PO CoC 0 CoC oo 5C0m0ECOraa055 a0 aErCnoOaC0a00000 300 H000E0RaA00aIA0IANINTINGOCA00E0a

Q" Cut-off parameter
>< i A =500 MeV

s T

Q’ X - i-::] 11 H — — Contact

interactions have

P Y P P PP

CHH RO - e

a | experiment

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

- LA

Effective Field Theory, EFT, based on QCD Symmetries
(Epelbaum ,Furnstahl, van Kolck, Navratil,... )
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New Isotopes - Sensitivity of Nuclear
Properties to Model Parameters
« Example: Level structure of 240 and the 'S, NN interaction

« Structure of these loosely bound or unbound isotopes is strongly
influenced by the 'S, component of the NN interaction

» Calculation of 240 in a shell model that correctly treats weakly-bound
and continuum states (specifically Gamow Shell Model)

C T
O @E¢A . o &= A .
-— [ —
= 0" > [0
< <
2-0.1 N 201} .
— + —~ | & 2
m ® o0=10 1 o [ | ® a=10 R
— u I A
£_00 m =08 | E_oof m  o=038
- 0=0.5 ® - 0=0.5
1 1 1 1 | 1 | 1 1 1 | 1 1 1 1 |
-6 -4 -2 0 2 -6 -4 -2 0 2
Re (E) [MeV] Re (E) [MeV]
(a)The ground state and the 11 in 210 (b)The ground state and the 21 in 240

Tsukiyama, Horth-Jensen, Hagen PRC 80 051301(2009)
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Three-body forces determined
from exotic Isotopes

« Holt and Schwenk arXiv:1108.2680

* Theories based on NN interaction predict 280 to be particle bound
(stable to the decay by the strong force)

» Three body forces tend to be repulsive and reduce the strength of the
NN potentials

OFg T T T T 7T 7 T3 OFrT T T 7T T T TQFL T T " T " T " T 7 T3

10E N o () CCMBPT 4 0 (NN JE (¢) NN + 3N 3
208 \° 3 - ] ]

- E M % ] 20F == =
:; -0 - \\ b ™ 3 -30 - i _:
= WE N * E : :
> S0 F AN 4 -40fF 4F 0 Nexm =

= v = C -

§ 605 \* E =50 O =]
= -0 &« cC \ E 60 - - -+ sd-shell (2nd) q4F = = - USDb e
80 F ——- MBPT L4 = - — — - sd-shell (3rd) 1F - -- sd-shell .
gﬂ;’ e Experiment H*;é JU;-__.mgfmﬁmu ElS sdf, D, ,-shell 3
-100 =ENTI NI NN BT NI = I N T T NN TR N BT B | o I I | [ 1

1 ‘EU 1 1
16 18 20 22 24 26 28 16 18 20 22 24 26 2816 18 20 22 24 26 28
Mass Number A Mass Number A Mass Number A

« Oxygen isotopes can be used to determine the strength of the 3N
forces in nuclel
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Configuration Space Models

 Lectures by A. Poves

* Shell Model is the most , 2%, 2
. ] S e | S Closed shel
common in nuclear science B 2t 4 dloatod by
i 1 ————— 2 ‘magic numbers"
» Solve the equation HY=EW RSP of nucieons.
« Introduce a basis (usually 2 , 1dy, 4 =
. . 5 ot -
harmonic oscillator) and solve td———_ = @)
the matrix equation 10, © -
vy
. - 1 1
- Can assume an inert closed to———C 1;’% j @
core (e.g. N=2=20) !
15 == 15 @_

* No core shell model does not
make this assumption but uses
effective operators

—

1 A P —P)2 A A
Ha= Tre +V = z Z ? + ;1 Vun | + Z Uk
= <J<

i<j=1 i< i< j<k
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Changes in Shell Structure — The Traditional
Nuclear Shell Model Is Incomplete

Traditional Shell Picture

Further spitting Mukiplicty
Quantum eneegy from spin-ortit ol states
states of potential oftect \

wall Inciuging ; '
angular momantum Uy, 8
oMocts \
19 ——4'
192, 10
o —K-..‘ 2
", T P —— ,'-' 6
CP m— i
/ -2, 4
1M~ — 3
—————— 11, 8
1d, 4
ia re— 25 2
1d, 6
] — Dy 2
. q - z ; :
i «_3._'?__-?_4__J.._" N=14 @ shell gap larger than expected 15y, 4 |(5)
4 N=8 ® shell gap less than expected 2 - 2

Possible origins - Weak binding, tensor force, three-body force, ...
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Density Functional Theory

 Lectures by T. Papenbrock

* The idea was introduced in atomic physics and is widely used Iin
Chemistry (calculation of molecular properties as good as experiment)

* Relies on the variation concept where observables are treated as
variational parameters, e.g. local density p(r)

- Minimize the variational equation 8(E(p) — | V(r)p(r) dr) = 0, E=<H>

e Two step procedure
— Equation ensures that the total energy is minimized at a fixed p(r)

— Minimization of E(p(r)) with p(r) gives the exact ground state energy and the exact
value of p(r) for the ground-state wave function

« Example: Skyrme functional

1 3 1 1
Elp, 7] = W'T‘F Efﬂf’g + Efﬂﬁh 4+ E(Sﬁ + 5t)pr
64 (9t — 56)(Vp)° - EWm*'\? J+ @{n — t))d°

S Bogner o where p(x) =3, |#i(x)|? and r(x) = 3, |[V¢i(x)[? (and J)
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Science: The Big Picture

Model and accurately describe nuclei and their reactions. The abillity to
calculate reactions like "‘Be(p,y) (responsible for source of neutrinos from
the core of the Sun) from first principles would be transformational.

Theory Roadmap — RIA Theory Blue Book 2005

« Step 1: Use ab initio theory and study of exotic nuclei to determine the
Interactions of nucleons in light nuclei and connect these to QCD by
effective field theory

 Step 2: For mid-mass nuclei use configuration space models. The
degrees of freedom and interactions must be determined from exotic
nuclel

 Step 3: Use density functional theory to connect to heavy nuclei. Exotic
nuclei help determine the form and parameters of the DFT.

Facility for Rare Isotope Beams
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Theory Road Map: Comprehensive Model of
Nuclear Structure and Reactions

* Theory Road Map — comprehensive
description of the atomic nucleus

— Ab initio models — study of neutron-
rich, light nuclei helps determine the
force to use in models (measurement
of sensitive properties for N=14, 16
nuclei)

— Configuration-interaction theory; study

mber

of shell and effective interactions (studyz ,,

of key nuclei such as ®>Ca, %°Ca, 1227r) §

—The universal energy density functional
(DFT) — determine parameters (broad
view of mass surface, BE(2)s, BE(4)s,

fission barrier surface, etc.)

— The role of the continuum and
reactions and decays of nuclei (halo
studies up to A ~100)

Prot

>
[ Facility for Rare Isotope Beams
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j Michigan State University

Energy density functional

80

Configuratioy
Interaction

T

60

. 100 - 102 pps
10%- 108 pps 102 - 100 pps
104 - 108 pps |1o4-1o-2 pps
102 - 104 pps 106 -104 pps
| | |

120 140

20

1
80
Number

60
Neutr

100

Continuum

Ab initio

I
Relationship to QCD (LQCD)
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Goals of Nuclear Astrophysics

» Understand the origin and history of atoms in the Universe
— Model the chemical history of the Milky Way
— Trace the chemical history of the Universe back to the first stars
— Learn about the early Universe from what atoms were produced in the Big Bang

» Use the chemical nature of a star, cluster or galaxy to infer something
about its origin and history

 Allow accurate modeling of astrophysical objects and allow
observations to be used to infer conditions at the site

— For example, using the light as a function of time (called a light curve) of an X-ray
burst to determine the size of emitting region.

— Use observations to tell us about extreme environments in the universe; neutron stars,
supernovae, novae, black holes, the Big Bang, etc.
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Example: The lightest elements were
made in the Big Bang

* BBN — Big Bang
Nucleosynthesis

*H, He, Li were made in
the Big Bang (BBN is
one of the three main
pieces of evidence for
the Big Bang;
expansion, cosmic
microwave radiation, big
Bang nucleosynthesis)

* The reaction network
and the conditions
during the Big Bang
allow the elemental
abundances to be
calculated

n— H+e +¥
H+n — 2H+y
2H+1H —> 3He +y

\

. 2H+24 —> 3He +n

24+ 24 —» 34 + 1Y

5 5 24 +34 —> e +n
He—’ He

AN

1H'—2'>2H—5->3H 9 3He+2H — “He + IH
\ 10 3He + *He — "Be +y
1 11 "l + 'H —> “He + *He

n 12 'Be+n — i+ H

3H + “He —>7Li+y

00 ~N O O & W N =

SHe+n — 3H+ Iy

Sample of a Reaction Network Physics World
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Example: Predicted versus Observed BBN

» The abundances following the Big
Bang can be calculated from o

measured nuclear reaction rates S —
(NACRE website: ;
http://pntpm.ulb.ac.be/Nacre/nacre d.htm)

WMAP 20D

Mass fraction
= (=]
1
o L1
I| II|III|III
h II.I
i
(]
cr b

« The abundance of “Li relative to H o

does not agree with the models 0/ .+ ..., 4ACocandE.
z 0 g . —= Vangionl,

« Does this tell us something about the 104N 3 2010 J. Phy.
structure of the Universe, or the 2 = Conf. Ser.
nature of fundamental particles in T = 202 012001;
the Universe? 1 10P

= Publishing

* Most people agree it is not due to
Inaccurate or missing nuclear
astrophysics data.

« Summary of BBN(Fields and Sarkar)

at http://pdg.lbl.gov/2011/reviews/rpp2011-
rev-bbang-nucleosynthesis.pdf
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http://pntpm.ulb.ac.be/Nacre/nacre_d.htm

Forefront of Observational Astronomy:
High Resolution Telescopes

« The measurement of elemental abundances is LN T Hubble
at the forefront of astronomy using large Fame | Space
telescopes '

» Large mirrors enable high resolution
spectroscopic studies in a short time (Subaru,
Hubble, LBT, Keck, ...)

» Surveys provide large data sets (SDSS,
SEGUE, RAVE, LAMOST, SkyMapper, ...)

 Future missions: JWST - “is specifically
designed for discovering and understanding the
formation of the first stars and galaxies,
measuring the geometry of the Universe and the
distribution of dark matter, investigating the
evolution of galaxies and the production of
elements by stars, and the process of star and
planet formation.”
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« Stellar absorption spectra

Identical

1.2

Abundances are inferred from
stellar absorption spectra

. . ! i 1

:‘% 4 8 7]

IR R R B o

EENIER R -

R 3 TR )

_‘ 18] 31 1T

11T 1 3

i 128

3 g 12 11 N
. 18

9 4:§. ot & w0

1 -

Sodium—* Magnesium¥ “— Oxygen

7000 K

—_

©
|

Intensity (relative)

N

i

M

l B l

“young” star 7

I l |

0
3750

4000

4250 4500 4750
Wavelength (angstroms)

5000

T=4800 K; elements like our sun

>
[ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
w Michigan State University

Intensity (relative)

1.2

-

Iron
* Not all stellar absorption spectra of the same surface temperature are

|

| | |

old star |

|

0
3750

4000 4250 4500
Wavelength (angstroms)

4750

5000

T=4700 K; only 1/10,000 heavy elements
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Abundances can also com from
Presolar Grains Meteorite Grains

* Another wealth of new data come from the isotopic »
measurements of individual meteorite grains o
(pictures from Washington Univ website)

D
el

» Other data will come from isotopic analysis cosmic
rays

» Measured by Secondary lon Mass Spectroscopy

1E+0 4 $ -1 3 E
: : 4 TE+0 P
A
| Cal | |
E-1 A : 1E-1 3
] A ] £
A C
— rs —
:5 1E-2 3 ;ﬂ 1E-24 [ E
=) = :
< - r
] 1E~3TE B Mainstream 3 1E-3+ E
L] A+B prains i ] ) E
) 'Y X grains 4 O :
1E-4 E L 3 Y grains 3 1E-4 3 E
E F i| * 3
] 7 graing
1 ! 2] Mova grains [ 1 X
1E-5 T T 1E-5 T T T T
1E+0 1E+1 1E+2 1E+3 1E+4 1E-5 1E-4 1E-3 1E-2
12C/13C 18Q/160

>
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Chemical History of the Universe —the
Fossil Evidence of the First Stars

) sNa(l)r’i]E;” stars are the S HERES Survey — Barklem et al. (2005) -
: ®
« By measuring the : o Z 08
differences we learn TF #° o L E
. o @ o o~q o)
about the history of the — o oo 08,0000 0 ©
star LooE B %Og‘%u S
m - o 0 o 9
* The process that makes = ¢ 0y % o
Barium (Ba) in early _1E J oo E
stars must be different :
from the main process : ]
that makes Iron (Fe) —2F Sun [Ba/Fe] = [Fe/H] =0 1
* There are many ~40 -35 -30 -25 -20 -15 -1.0
mysteries, only one [Fe/H]

example is that the
[Ba/Fe] is not understood
In early stars

Facility for Rare Isotope Beams
y U.S. Department of Energy Office of Science
\i 4 ‘-’ Michigan State University

[Fe/H] — LOG [(Feabundanc! H abundanc)Star\]
(Feabundanc! H abundanc)Sun
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There are a number of nucleosynthesis
processes that must be modeled

 Big Bang Nucleosynthesis

* pp-chain

« CNO cycle

* Helium, C, O, Ne, Si burning
* S-process (oY) (a.y)
* r-process

* IP-process B
* VP — process

* D — process (n,2n)
* A - process

. fission. recycling | B*, (n.,p)
« Cosmic ray spallation
« pyconuclear fusion (v.p)
 + others

F RI B r Facility for Rare Isotope Beams
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fission

(a,p)



Neutron-capture processes leading to
elements heavier than iron

* I-process Sample reaction path
— Fast, few s

— 1020-26 n/cm3 B (Y ,n)

— Runs out to where A fission
(n,y) and (y,n) are Z
similar in rate

— Adds 30-40 neutrons (n,y)
— Site unknown (n,y)

* S-process

— Occurs over a time
of hundreds of
thousands of years

— Technetium
observed in red giant
stars

— Occurs in AGB Stars
(C,O core; He and H
fusion shells)

s B

(n,y)
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Can we measure and model the
relevant nuclear reactions?

* No, not now, but we are getting close. We have a path to fill
In this part of the puzzle.

* Produce the rare isotopes that are important for modeling
and measure their properties and reactions

* Develop a comprehensive model of nuclear properties and
reactions

Facility for Rare Isotope Beams
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JINA

About Half of Heavier Elements
must be made Iin an r-Process
Nucleosynthesis in the r-process

Joint Institute for Nuclear Astrophysics 2002

Movie
Calculation

Model

Nuclear physics shapes
the characteristic final

abundance pattern

for a given
r-process
model
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Reach of FRIB — Will Allow
Modeling of the r-Process

* [3-decay
properties EE
* masses (Trap + Known half-life EEEEE
TOF) TTLLEE
e (d,p) to
constrain (n,y) !EHHEEEE
» fission barriers, !E!!
yields - N=126
Current reach f RISAC
First experiments (70) Yb <P p> Key
69) Tm F4>  Nuclei
(68) Er —>
(67) Ho Future
(&) 23] Reach
FRIB reach for
half-lives ]
d 44
5 4
¢ Facility for Rare Isotope Beams
FRI B & J ﬂ'ﬁhiggﬁas?amtgnﬁﬁiifﬁ v Offce of Seence Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 33



Rare Isotope Crusts of Accreting
Neutron Stars

Neutron Star Surface

g H,He
Radiative ’ .
_ IexLoneimiallﬁt‘todlata‘ I_ COOIing / SPQCtra Llnes
Gas O X-ray burst
— ~4m
KS 1731-260 (TR =R =", S
(Chandra) Ocean O ?;grirbursts
I_'-',looI — I10|00I — I15‘00I Ashes
Time since tg (days)
Cackett et al. 2006 (Chandra, XMM-Newton) SUte{
rus
= Nuclear reactions in the crust set gfrrusst; ?eeatmg
thermal properties Inner luminosity
= Can be directly observed in transients e 10-70 m
» Directly affects superburst ignition V Cooling

Understanding of crust reactions offers possibility to constrain neutron star
properties (core composition, neutrino emission...)

F RI B Facility for Rare Isotope Beams
Y U.S. Department of Energy Office of Science . . . .
4 ' Michigan State Universityg Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 34



FRIB Reach For Crust Processes

* Interesting set of reactions leading to proton-rich material converted to

neutron-rich material

48 [ ]
44
Pre
a2 [] ”
40 | |
B Known mass s [ [ =]
36 [ ] Electron capture rates N
S ] > \ —
A

=2 L \\ Mass measurements 1 ]
] — i
o EpEmEEEP™ 72 74

7 i O 2
— 62 64 — -

> I Drip line established
I 54
. [ 52
] 46
44
42 ]
26 am o Haensel & Zdunik Astro Journ 1990, 2003, 2008
- Gupta et al. Astro Journ 2006

Facility for Rare Isotope Beams
Y U.S. Department of Energy Office of Science
\| 4 " Michigan State University

H. Schatz
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FRIB Reach for Novae and X-ray burst
reaction rate studies

B 1091
B 1089
107-8
106-7
105-6
[ ] 1045
[ ] 102-4

. 10>10
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rp-process
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Sr(38) | 1]
- Rb (37
direct (p,a) or (o.,p) Kr{(asy}
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Ca (20)

K {19)

Br(35)
transfer o (R
As (33) ] ]
Ge (32) T o,
®p) !
) N p
some transfgur(zg} B

Ni (28) T Lol g
Co (27) 0
Feg]ﬁ] [ | | [
Cr (2] | "N
W (23) ]
Ti (22) S

peFil

v
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Ag [47)
Pd(a6) [ | 1

) aad
O (TRl

A 4
A
o440

most reaction rates up to ~Sr can be
directly measured

sn (50) [T T T TplelpLeLpL
9 NN
28) T T TR
TIRER

{ ILIN

NT

In
Cd |

45) [ |
44 1ply

¥l

” key reaction rates can be
indirectly measured
including 72Kr waiting point

46464748

All reaction rates up to ~Ti can be directly
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Tests of Nature’s Fundamental

Symmetries
. . &
« Angular correlations in B-decay and '5“'
x 10000
search for scalar currents
- Mass scale for new particle comparable
with LHC nucleus
. 6He and ®Ne at 101%/s \4‘;
* Electric Dipole Moments ’
- 225Ac, 228Rn, 22°Pa (30,000x more ' energy scales

sensitive than 199Hg; 22°Pa > 1019/s)

 Parity Non-Conservation in atoms

. weak charge in the nucleus (francium
isotopes; 109/s)

 Unitarity of CKM matrix
o V,q by super allowed Fermi decay Vud VUS Vub
- Probe the validity of nuclear corrections Vcd VCS Vcb
Vid Vis Vb

Facility for Rare Isotope Beams
v U.S. Department of Energy Office of Science . . . .
Q ‘ﬁ Michigan State University Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 37



Atomic Electric Dipole Moment

 EDM violates time reversal symmetry Spmrsta) M)
* Improving EDM limit is an Flavou:changing =
Important constraint on models g Symmetric >
* Neutron EDM “4+— Supersymmetry
— Present < 3.0 x 1023 e-cm Weinb 5‘ | >
— SNS goal 1028 e-cm cin e:g_nlo © Peccei-Quinn N
-
- 199Hg EDM log(ldl) -20 -25 -30 -35 -40
— Present < 3.1 x 102° e-cm
« Measurements 223Rn proposed to have 20x greater

— Short term — identify candidate nuclei gzegnsitivity to EDM
— Mid term — perform atomic spectroscopy Pa may have 10,000x greater

measurements sensitivity

— Long term — attempt EDM measurement (may Lu. Mueller. ANL

ire ISOL
require ) Chupp, U of Michigan

Swenson, Guelp

Facility for Rare Isotope Beams
Y U.S. Department of Energy Office of Science . . . .
Q J Michigan State University Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 38



Rare Isotopes For Society

* [sotopes for medical research

— Examples: 47Sc, %2Zn, %4Cu, ¢'Cu, %8Ge, 149Tb, 153Gd, 1%8Ho, 177Lu, 188Re, %11At, 212Bj,
213Bj, 223Ra (DOE Isotope Workshop)

— a-emitters 14°Th, 211At: potential treatment of metastatic cancer
— Cancer therapy of hypoxic tumors based on ¢’Cu treatment/5*Cu dosimetery

» Reaction rates important for stockpile stewardship and nuclear power —
related to astrophysics network calculations
— Determination of extremely high neutron fluxes by activation analysis

— Rare isotope samples for (n,y), (n,n’), (n,2n), (n,f) e.g. 8889%r
» Same technique important for astrophysics

— More difficult cases studied via surrogate reactions (d,p), ((He,o xn) ...

— We can produce quantities of separated fission products for tests of detection
techniques

* Tracers for Marine Studies (32Si), Condensed Matter (8Li), industrial
tracers ("Be, ?0Pb, 137Cs, etc.), ...

* Novel radioactive sources for homeland security applications (for
example 3-delayed neutron emitters to calibrate detectors, etc.)

Facility for Rare Isotope Beams
Y U.S. Department of Energy Office of Science . . . .
Q J Michigan State University Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 39



8Li B-NMR Resonance Studies

* Discovery potential of B-NMR very high in exploring
depth dependent properties, interfaces, and proximity /

effects from 5 to 200 nm.
« Sensitivity 1013 higher than NMR e
* Limited by availability of 8Li facilities NMR LEUSR  ArpES

° . . - Neutrons NMR
Example: Study of Mn,, single molecule magnets on Si ISR B ST™

Surface
811
t”uﬁ-ﬁ Teta | Z. Salman et al. Nano Lett. 7 (2007) 1551

4

i [} 1.0
Rl
‘ =
“ T V
E =1 keV 0.9
z+2,~10 nm S
0
1.0 é
=
’ =
T=32K 94
E =28 keV
7+2,~250 nm L 0.8
L e — r T
| 0 2 4 6 8 10 12 14 16 41270 41280 41290
Dipolar Field [a.u.] Frequency [kHz]
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Targeted Cancer Therapy

* Modern targeted therapies in medicine
take advantage of knowledge of the
biology of cancer and the specific
biomolecules that are important in
causing or maintaining the abnormal
proliferation of cells

» These radionuclides have been relatively
difficult to get in sufficient quantities!. The EEEROE
short-lived alpha emitters are particularly
in demand, especially 22°Ac, 213Bi, and

1.7 MeV p-

211At. 5.3 MeV a
- Pairs, e.g., ®’Cu (treatment) and ®Cu AUGER.
(dosimetry) are particularly interesting electrons
« DOE Isotopes program and future 100

research facilities, e.g., FRIB and HRIBF range [mm]
upgrade can parasitically supply demand
for many isotopes

lsotopes for the Nation’s Future: A Long Range Plan , NSACIS 2009

Facility for Rare Isotope Beams
y U.S. Department of Energy Office of Science . . . .
‘ "’ Michigan State University Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 41



Sample Interesting Isotopes
from FRIB and uses

32S;j 153y  Oceanographic studies; climate change
221Rn 25 m Targeted alpha therapy
225Ra/?2°Po 15 d EDM search in atomic systems
85K 11y High specific activity 8Kr for nuclear reaction
network studies, e.g., s-process
44T 60y Target and ion-source material
67Cu 62 h Imaging and therapy for hypoxic tumors

>
F RI B [ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science . . . .
Q J Michigan State University Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 42



Summary

* We have entered the age of designer atomic
nuclei — new tool for science

 Current and next generation facilities will Isotopes for
allow production of a wide range of new Sociely

designer isotopes

— Necessary for the next steps in accurate
modeling of atomic nuclei

— Necessary for progress in astronomy 'S‘frz';’tifre
(chemical history, mechanisms of stellar
explosions)

— Opportunities for the tests of fundamental
symmetries

— Important source for research quantities of s hiclont
exotic isotopes Astrophysics

 Stay tuned there are likely many surprises
we will find along the way

Tests of
Fundamental
Symmetries

~
F I B ‘ Facility for Rare Isotope Beams
Q ‘6 a'iiﬁgzﬁgamt:ndrﬁigg&gy Office of Science Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 43



Origin of Atoms (Chemical
Evolution) — Coupled Problems

Spiral Density Waves
Infall

Magnetic Fields
?
Dust

Evolution —=aull »

Kinetic Energy
HIl Regions

OB Associations

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University
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Brad Sherrill

Nuclear reactions
+ Stellar evolution
and explosive
scenarios

+ Evolution of the
Universe and
Galactic collisions

lllustration of the
difficulty of the
problem: No one
can describe why
the Milky Way looks
like it does.

Jason Tumlinson STSCI

- Ecole Joliot Curie, September 2011, Slide 44




There are a number of
nucleosynthetic processes

 Big Bang Nucleosynthesis
* pp-chain
 CNO cycle

* Helium, C, O, Ne, Si
burning

* S-process

* r-process

* IP-process

* VP — process

* P — process

* O - process

» fission recycling

« Cosmic ray spallation
 pycnonuclear fusion
 + others

F RI B Facility for Rare Isotope Beams
Y U.S. Department of Energy Office of Science . . . .
{ ‘, Michigan State University Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 45




Stellar evolution of massive stars

« Stars with more than 8 times the
mass of our Sun develop
multiple burning layers

Nonburning hydrogen

Hydrogen fusion

« Hydrogen to helium

_ Helium fusion
 Helium to carbon

Carbon fusion
« Carbon to oxygen, neon,

magnesium Oxygen fusion
» Oxygen to neon Neon fusion
* Neon to magnesium Magnesium
fusion

* Magnesium to Silicon

Silicon fusion
 Silicon to Iron

i [ron ash
* Iron Is the most bound nucleus

and has no exothermic nuclear
reactions

Facility for Rare Isotope Beams
Y U.S. Department of Energy Office of Science . . . .
‘ ) ’ Michigan State University Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 46

Copyright © 2005 Pearson Prentice Hall, Inc.



Nuclel matter

* The properties of nuclel are relevant to other sciences

— Fundamental particles and interactions, e.g., neutrinoless double-beta decay the
rate is related to nuclear matrix elements, nuclei properties are important for
atom EDM searches

— Modeling astrophysical environments; e.g., hucleosynthesis in supernovae,
depends on properties of exotic isotopes; neutron star properties can be inferred
from properties of very neutron-rich nuclei; interpretation of X-ray bust light
curves and neutron star X-ray emission to infer properties, ...

* The properties of nuclei are important for a wide variety of
applications
— Nuclear power (nuclear data is needed to optimize reactor design)

—Homeland security (forensics involves the same types of reactions, e.g. (n,2n),
important for astrophysics; detection of nuclear material and other threats)

— Stockpile stewardship (ditto)
— Medical diagnostics (°°Mo ; 18F; etc.)
— Industrial and environmental tracers (‘Be, 419Pb, 137Cs, etc.)

4
[ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science . . . .
‘ﬁ Michigan State University Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 47
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New Isotope Search
238|J(345MeV/u)+ Be/Pb

T.Ohnishi, T.Kubo et al.

U-beam intensity (averaged)

~1.8 x 10° pps (Nov. 2008) € 4 x 107 pps (2007)
0.3pnA 0.01 pnA

PID plot for setting 2

e ) NewI

Pd (z=46) 27

124p( / 3

125p(d (~2200 yéents)
l 126p(d (~300 events)

|

127Pd(new)

l 128Pd(new)

l

2.75

A A(A/Q)~0.049

o\



Visualizations of Quantum Chromodynamics

Center for the Subatomic Structure of Matter, University of Adelaide

* QCD describes how Gluon fields
anti-screen the strong force

» Something like 95% of the mass
of a proton come from the energy
associated with the Gluon fields

 Strange quarks play a role in the
structure of the proton. The
picture at the right illustrates the
composition of a proton and how
experimentalists probe its
structure through electron
scattering.

http://www.physics.adelaide.edu.au/theory/staff/leinweber/Visual QCD/Nobel/

Facility for Rare Isotope Beams
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Nuclear Physics explores the structure
and phases resulting from QCD
JLAB — QCD of nucleons RHIC — QCD in liguid and nucleons

Pictur
e
from
BNL

Picture
from

FRIB — OCD of nuclel

Methods:

* V., (+3body) ab initio
» Configuration (shell)
* Functional Theory

» Relation to QCD

F RI B Facility for Rare Isotope Beams
Q ashg DSTT: LtJ fE gy Office of Scie Brad Sherrill - Ecole Joliot Curie, September 2011, Slide 50
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However...Are Nucleons Modified in
the Nuclear Medium? Maybe Yes

« EMC “European Muon Collaboration” Effect circa 1983, CERN
» J.Seely, A. Daniel et al, "New Measurements of the EMC Effect in Very

Light Nuclei“ (nucl-ex/0904.4448)

Facility for Rare Isotope Beams
Y U.S. Department of Energy Office of Science
\i ’ Michigan State University
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Nuclear Size Extracted from
Interaction Cross Sections

« One of the first thing Nuclear Radii (RM_ - 1.47) fm
we learn about nuclei 15
Is that Nuclear radii : al
follow the formula: _ o O
=, A | e %0800 08088880
(Equation 1.2 Wong 10 QO O
Introductory Nuclear : O Q0O
® Th'S |S InCOI’I‘ECt i Neutron Drip line
5_
{ o 0.5 1.5 2 fm
0 - r r . T ‘v r+r v r°r T ‘v =+ ‘Tt ‘tr T ‘r T ‘t T T T 1T
0 5 10 15 20

N

|. Tanihata, OSAKA
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Other Evidence for Three Body
Forces — Evidence for QCD

e T. Otsuka et al. PRL 2010: NNN
force may be the solution to
understanding the Oxygen drip
line

« Lattice QCD may be able to
provide the isospin dependence 1
of the NNN force needed to SN § S

| |
. 8 14 16 20 8 14 16 20
un d e rStaﬂ d Nnu Clel Neutron Number (V) Neutron Number (V)

[ = SDPF-M

Single-Particle Energy (MeV)

« Comparison of this dependence %
. =
to rare isotope data allows a test 3
of lattice QCD in nucleli £
Té -
Eﬂ [ — NN + 3N (A) T e [ === NN+ 3N (NLO) S~ ]
L Dod NN So ] | o= NN+3N(A)
=== NN
8 14 16 20 8 14 16 20
Neutron Number (V) Neutron Number (V)
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New insight and physics from extreme
halos and skins — Example 42Mg

Estimated to be produced at 10 atoms/day
100 keV binding energy for the last two neutrons - Theory BA Brown

10
0.50
*—'ojo 42Mg - 40Mg Difference
< %0-30 // \\ — Neutron|_
c D020 +—mF— | Proton
X
E 1 (\LO.lO \ / R
= <800 A
5 010 ———
3 ° ° Y Radius” 20
(73]
o
5 0.1
X
;n — Neutron
""" Proton
0.01 % 1 1 1 | %
] 5 10 15 20
Radius (fm)
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Tensor Force

» Otsuka et al. has shown the importance of a monopole part of the
tensor force in nuclei (Otsuka et al. PRL 2001, 2005, 2010)

 Related to single pion exchange (Yukawa 1935)
* This modifies the standard shell picture

| | | | | | | | | | I
Attractive Repulsive [, (a) neutron SPE OftN=20
|ISO1ONes
) 0 g SIS :
T >
| @ !
\H = 10} :
w - -
Attractive Repulsive L -
1 - -
: Y ATt
> T o 20 } i
' u 3 \ —~ 1 1 1 1 1 1 1
NS : 8 14 16 20
o
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