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This workshop will concentrate on advances in theoretical methods for computing properties of nuclei and reactions relevant
Access to the experimental program at FRIB. Although we expect a significant number of talks on methods that require the largest
Lodal available and planned computers, there will also be talks on new methods that do not require such large machines.
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The problem we want to solve

« Atomic nuclei and how they interact: Three of the four forces in nature
are relevant, the dominant force, QCD, is nonperterbative.

v.y

) Radon-220 @He“”m"‘

3.2x1015m
diameter

1.5x101*m diameter
« Few body physics but also mesoscopic science

* Nuclear physics provides many examples of diverse mesoscopic
phenomena, including phase transitions, superfluidity and
superconductivity, and quantum chaos.
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Designer atomic nuclel

» Designer Nuclei: The possibility for a researcher (theorist)
to order a nucleus that has a specified number of neutrons
and protons

* To make progress in nuclear physics, some astrophysics,
and some high energy physics we need such a capability.
In the talk | will give some examples from the workshop

* The term “designer nuclei” was introduced by Aurel Bulgac,
Phys. Rev. Lett. 89, 050402 (2002) Dilute Quantum
Droplets

* There are about 263 stable combinations found in nature,
with about 1500 others studied in some detail. In 10 years
we may have the capability to extend that to 5000 isotopes.

« Most combinations of neutrons and protons are radioactive; “°Fe two-proton
sometimes it is the novel radioactivity that is interesting decay: K Miernik et

- Designer Nuclei €=> Rare Isotopes al. 2007 Phys. Rev.
Lett. 99 192501
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The availability of rare isotopes
over time

Nuclear
« Chartin 1966

1 LessthanlOOOJ .

— about 3000

FRIB v/

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

New territory to be explored
with next-generation RIB
facilities, e.g. CARIBU at
ANL
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Nuclel matter

* The atomic nucleus is a significant intellectual challenge. Can we
construct a comprehensive and predictive model of its properties? How
do we relate that model to QCD? Surprises are still likely.

* The properties of nuclei are relevant to other sciences

— Fundamental symmetries studies, e.g., neutrinoless double-beta decay the rate is
related to nuclear matrix elements

— Modeling astrophysical environments; e.g., nucleosynthesis in supernovae, depends
on properties of exotic isotopes, or, neutron star properties which are related to
properties of very neutron-rich nuclei

* 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, 219Pb, 137Cs, etc.)

>
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Rare Isotope Production
Techniques using Accelerators

» Target spallation and fragmentation by light ions

Target/lon Source b
Post eam

Acceleration

Accelerator Iemd  Geme

* Neutron induced fission (2-step target)
Neutrons/Photons target

Post
o [ T

 In-flight Separation following projectile fragmentation/fission (Used by FRIB)

Accelerator :I

Beams used without stopping
h N

- /

Gas catcher/ solid catcher + ion source
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In-Flight Production of Rare Isotopes
Example: NSCL’s CCF
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Production of Rare Isotopes in Flight

1. Cartoon of the production process - fragmentation (fission is also used)

@ @.:0@5@..

prolectlle \
target 1 \

1. The production cross section for the most exotic nuclei is extremely
small; but, facilities have tremendous sensitivity. The projectile intensity
at the next generation facilities (*Ca 400 kW, = 2x10'4ion/s) is such that
the cross section that corresponds to one atom/week is 3x10° b (30
zeptobarns, 3x1048 m?)

2. Neutrino elastic scattering cross sections are

o =9510"m’ oy
V.e =V e 1 MeV

»
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World view of rare isotope
facilities

Louvain-la-Neuve Beijing Atomic  KORJA
ARENAS Energy Institute NSCL Coupled
GSIFAIR 100kW Clzclotom Racility
TkW
GeV/ u 50 kW ANL
. ) E:EEN CARIBU /FRIB
TRIUMF
Dubna {M'] 00 kW }. 400kW
Lanzhou ISAC I and Il
50 kW dri n Notre Dame
7" L JAERVKEK rlver/ \ TwinSol
DelhiCNS ™ calcutta VECC e ABIT oy
"GANIL '} 7Y Legnaro SPES\y /it T Upgrade / 1 RESOLUT—
LISE/LISE2 CERN ORNL .
SPIRAL2 | gexisoLpe it w®
HI-ISOLDE Sao Paulo
Catania
EXCYPT

Black — production in target
Magenta = in-flight production
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Facility for Rare Isotope Beams,
FRIB Broad Overview

* Driver linac capable of E/A > 200 MeV for all ions, By B
I:)beam > 400 kW Building

/7 ECR
#” lon Sources

 Early date for completion is in 2017

» Upgrade options (tunnel can house E/A = 400 MeV Linac
uranium driver linac, ISOL, multi-user capability ...) Tunnels i &
Post Accelerator A

,/’Superconducting
-/ Heavy lon Driver Linac

Office Addition 25 Stoppers

Solid Stopper Experimental Area

Addition

i
-~ ==
S==

Connector Highbay  WQEEBLEE® ™ |nflight - Cryogenics
and South Highbay SO e o larget oo 7 ~Facilities
Extension v
gragmeint
A Switchyard
ISOL Targets
(option

"
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Facility placement on MSU campus

Michigan State =
- _University'™s L2
5,200 Acres*

5

100 yds

 Adjoining NSCL facility on 10.5 acre site

.
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Compact, more cost-effective solution

SOUTH SHAW LANE

E Ry -
:T..;__,f ______ G
e =
P - ¥ LS
B KB
:
B o
Il [ &
i

Rough (not baselined)
TPC range $550M to
$600M

WILSON ROAD
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Folded FRIB LINAC detalils

j:ﬁ Fragmentation Target = Physically compact layout
% = Minimize higher-cost subterranean
H structures
= - = Single tunnel for all linac segments Vi)
- | Stripping Segment 1 (17 MeV/u) UFeEEEa o E——
| b — - —HE— J!--‘w'l-- - —HES— 4+ - —0-6-8
Linac Segment 1 @“ant End E
\ - —l - = - —d - - — - “,',_:,_____D—H—--u--E-ﬂ-md
Reserved Space Linac Segment 3 F203r3

Beam Delivery System (200 MeV/u)

Grade (ground)
level
Tunnel Floor

~40 f I
below grade \

‘
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FRIB Facility Upgrade Options

ISOL
Target
Facility

— \._4 ,'

L Applications

SH elements

E e g
Jmm%ﬁﬁj -

Symmetry tests —

Light lon
Injector

L

Higher production rates

I

i§

Multi-user operation

":‘1, L_ j--l n_' D_I:L,_ = |
) Y- 300 MeV/u
L% (additional
| —— Cryomodules)
[/
i = 1 ]
e e e
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Key FRIB component: Beam Stopping

Concepts develop at ANL by G. Savard et al.

et <« — o o | — o Y. ,\\/M "
force — — «— -« i } - P L - J——f"\r’*
o W A Fast ions o AL L heml]
He gas g ,, -~
Beams for precision experiments at very low- / > \ > 1 |
energies or at rest and for reacceleration A" S o .

- Cyclotron gas stopper L - \ e

* Linear gas stopper
Solid stopper (FRIB)

Cyclotron gas stopper

Phase 1 (by 2011), two momentum |

compression lines | B %l  inkaras
— MSU linear cryogenic gas cell and U NA G-
— ANL gas catcher (FRIB R&D)

Phase 2 (after 2012):

— One linear gas stopper
— Gas-filled cyclotron stopper (funded as NSF-MRI) ol
— Solid-stopper/reionizer (FRIB)
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Timeline for establishment of FRIB

* The timeline for FRIB is dependent on funding by congress and
approval by DOE

CALENDAR YEAR
2009|2010 2011 2012 2013! 2014 ! 2015|2016 2017 | 2018 | 2019
Critical v A 4 v WV cD-3 Approve CD4 |
Decisions Start CD-1pkg CD-2 m:;?;t‘gtfim n:,:z;ﬂm:fa
! ! R&D 2019
Design c“‘;’e‘:ﬂ;g;“a] l Design

| 1 BOD BOD
Civil construction

|
Long lead pr_uli'n_:r_em Lt lle Cryoplant  Tunnel

| [
Construction | Cryoplant fab, installation, commissioning
and L ] I
Installation Equipment construction

Installation

Early
Linac commissioning l, completion
Combined commissioning 10/30/2017

Commissioning | |
Schedule contingency I

»
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What New Nuclides Will FRIB Produce?

* FRIB will produce more
than 1000 NEW
isotopes at useful rates 80
(4500 available for
study)

60 |

ber

* Theory is key to making
the right measurements

r-process

 Exciting prospects for
study of nuclei along the
drip line to mass 120
(compared to 24) 20

40 + o
Neutron dripline

oton num

Pr

N> 10851 100-102s1
10610851 | 102-100"
_ N104—108s1 [ 10410251
the key nuclei for 102104 s1 106 - 104 s
astrophysical modeling 0E | ! ! | L
0 20 40 60 80 100 120 140

» Harvesting of unusual Neutron number
isotopes for a wide
range of applications
Rates are available at http://groups.nscl.msu.edu/frib/rates/

>
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FRIB specialty — Produce new exotic

Isotopes
- _ t Ki
Neutrons Protons %f;nsﬁéﬁ
V(r) )| Ugir) ce properties

208Pb

New 80N
>

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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New insight and physics from
extreme halos and skins

Example: “°Mg (Predicted to be produced at 10 atoms/day)
Theory - 100 keV S,, BA Brown

10

o
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S

42Mg - 4UMg Ditterence
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Nuclear Magic Numbers — New Picture

» The standard magic
numbers are generally only
correct for stable and near
stable isotopes

 Study of new isotopes has ,
given insight into the role of Z=20"""ETTT -
tensor and 3-body forces in
nuclei (e.g. Otsuka et al.)

* The continuum will also play
a role in more weakly bound

N=28

nuclei (Nazarewicz, Z= -9
Papenbrook, Volya, et al.) - N£20
« May have implications for r __________ ® shell gap larger than expected
: N=8 shell gap less than expected

astrophysics...
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How do we model nuclel?

* The origin of the strong force that binds nuclei is QCD (How would we

prove that? Surprises are likely.)

» We construct potentials based on neutron and proton scattering data
and properties of light nuclei (Bonn, Reid, Illinois AV18, Nijmegen, etc.)

* QCD Inspired EFT (String Theory Inspired — Hashimoto et al.)

300 Ll Ll U U I I T L L L L L L L T T
S, channel
200 -
> L .
(] | repulsive -
E 100 |- core N
“‘G L
= L
0
i Bonn
Reid93
-100 AV18 -
- r [fm]
PN [N TN NN TR TN NN TR NN SO TR NN TR TR AN T NN S N 1

S A0k| 0 T 0.5 1 1.5 2 I2~.5

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

ZN Force 3N Force 4N Force

Goal:
Develop an
Effective
Field Theory
based on
QCD
Symmetries
(Furnstahl,
van Kolck,
Navratil, Vary,
Machliedt...)
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Properties of exotic iIsotopes are essential
In determining NN and NNN potentials

* Neutron rich nuclei were key
In determining the isospin

-20¢ ] ]
- S. Pleper

dependence of 3-body forces .5 o= i -
and the development of IL-2R ‘\_‘ \L St.\g\lllrlnga,
from UIX 30Fme T Ay ' .
i He ot
* New data on exotic nuclei : 6L

1
(¥ ]
(]
T

continues to lead to
refinements in the
interactions

« EFT developments, LQCD
and even computational : -
power are providing insight X
for ab initio theories, but they  _ssf
need grounding in data :

Energy (MeV)
A
T

e
)

Vis

O
L,
| | |

Argonne v ¢
without & with various Vijk
GFMC Calculations
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Current status of the GFMC

calculations
'20; ) ) % From the workshop talks of J -
30: \,_0+ ;\i :+Mz®;f§§‘ f\.-z 4+ Carlson, K. Nollet )
- 4 ¥ 3* : - 2+— ]
- 66 . 7/2 He 1+ T :
40 L1 *=u2 o .
- 3/2- > ]

n

-
I|IIII|II
=

=1

=

H.l‘\:’_
+
17

Argonne v g

Energy (MeV)
o)
S

TEOMNE Vig - gpe
o with Illinois-7
- GFMC Calculations
80 ( =
" *IL7: 4 parameters fit to 23 states "\;;lslh \
90— *© 600 keV rms error, 51 states | AV18 \
~ ¢ ~60 isobaric analogs also computed || +1.7 EXpt. |
-100 : S ®J
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Application of GFMC technique
to reactions of nuclel

« Resonance states in °He (n+*He) From the workshop talk of K. Nollett
Results illuminate origins of spin-orbit splitting between 3/2~ and 1/2~ resonances

120 |
. 90
o 60
& :
< 30/ .
; 0 K { These are also the first-ever
k= Z calculations of resonance
e r widths in GFMC
< 30

N Nollett, et al, PRL
15 - :
. 2007; motivated by

RN BBN modeling

Extraction of S-matrix poles shows agreement with pseudo-bound for %_, a few
hundred keV difference for %_
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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 of
shell and effective interactions (study of key
nuclei such as *Ca, 6°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)

* IMPORTANT: Understand and
select the most sensitive
measurements

Proton Number

>
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Energy density functional

80

Configuratio

interaction
60

T

-
o
T

20 100 - 102 pps

#- 108 pps 102 - 100 pps
104 - 10° pps 104-102 pps
102-104pps [ 106-104 pps
| | | |
60 80 100 120 140
Neutrdn Number
ADb initio Continuum

T
Relationship to QCD (LQCD)
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Density Functional Theory

* From the workshop talk [, | | ] ol ; _
of D. Furnstahl "B o Af éfl}p

» Talk of S. Bogner on ‘1 /\ — ==
QCD inspired o 1 )\k _ l Lo
functional forms 4} - af

« EDF calculation of the 0 A AV = 0 -’5- ‘w
binding energies of TR 3 L
9000 ISOtOpeS 12 15 18 21 24 27 30 33 | 12 16 1.3 21 24 2? | 30 33

- Key tests of the theory a2/« Mg 2=12) 2| o Nt
come at the limits of b A esel| % ® sk |
binding (see figure) | \:;:k_ RN

- Remarkable success ¢ .\i\‘. o \h
so far; Global DFT 8 “hags : 8| e,

. f Ts | .‘.":3" .-
mass calculations from TSP 0 —
HFB Am~700keV 12 15 18 21 24 27 30 33 12 15 18 21 24 27 30 33

« Goal is to achieve the N N
results M. Stoitsov et al.

PR UNEDF SciDAC Collaboration

»>
v Facility for Rare Isotope Beams . X%  Universal Nuclear Energy Density Functional
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Configuration space models —
Example Coupled Cluster

Talk of Thomas Papenbrock et al. Univ of Tennessee

Green'’s function
Monte Carlo

No-core shell model

Lattice simulations

» Facility for Rare Isotope Beams
Y U.S. Department of Energy Office of Science
\b J’ Michigan State University

Considerable number of interesting nuclei with
closed subshells...

Other ab-initio methods for A=16
UMOA (Fujii, Kamada, Suzuki)
Green’s function method (Barbieri)
Lattice simulations (Dean Lee et al)
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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 40 in a shell model that correctly treats weakly-bound
and continuum states (specifically Gamow Shell Model)

OF @meA - Of emeA -
-— S
= 0" > [0
< <
201} N 201} .
— + —~ | & 2
m ® o0=10 1 o [ | ® a=10 R
— u I A
£E_0.2 | o=038 | E_o2 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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Solar System Elemental Abundances

» Understanding the chemical history of the universe — J. Truran, B.

Meyers
» The abundance of elements tell us about the history of events prior to
12“‘-A“T.":“l-‘.“l"-“‘l||||||||||||||
11 :‘.H | o
1oy Solar system abundances Abundance of Si
g [ #Fe is normalized to 10°
8 - o Lodders (2003) -
3 e C°\./° Ne g 5 Fe .
6 |- [ I ) 4
é 5 8 \\./\./\/' A.Tr .Ca / .Ni 1
S 4f Na .././ Ti % /\Zn J
b e PTGt :
2 2 LIl B F [ :/ Cu\'/. e o Zr g
A £1 e o e o
0 ] As O/.\.\ /.\./.\ // \./ \./ \./ \..\ /. e O W ..,Q\H.g/ \ B
1Lk Be Nb I:] .r o \./ \..\ /.\/\/.\./ A.u ® E\Ih -
2L Re ! Ne -
_3....I....l....I..l.l....l....I....I....I....l....I....I....I....l....I....I....l....l....l..L.J.-
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
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Z, Atomic number
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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
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Simulation of Solar System Abundances

Parameters:

e Supernovae type la and
Il

 Number (77 supernovae
with Mg 11-40 M_,.,)

* Progenitor mass
distributions

» Age of the galaxy

Results:

SN ratel/3 comes from
type la

* Reproduction of
measured ‘Li abundance
metalicity vs. time etc.

X/Xo

Timmes, Woosley, Weaver
Astrophysical Journal 1995

lll]lllll]

L R=85Kpc T=10.45 Gyi
Type Il + la

lllllllllll]l

0 8 16 24 32 40 48 56 64 72

Number of Nucleons

Success | ? Above 72 we can’t model well

>
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Where do gold atoms come from?
An r-process

« E. M. Burbidge, G. R. Burbidge, W. A. Fowler, and F. Hoyle. (1957).
"Synthesis of the Elements in Stars". Rev Mod Phy 29: 547, must be an r-
procees, but ...

« We know they must be made in a neutron-rich environment T > 10°K,
Preutron = 102028 cm-3 | that lasts for about 1 second; called the rapid-neutron

capture process, r-process

» Type Il supernovae are a possible site (variants)
— Neutrino driven shock wave

— Models do not produce the entropy and neutron flux needed to match abundance data
(although we can’t say that for sure)

— Shock waves in C-O layers
— Magnetic outflows

* Colliding neutron stars would also work, but there does not seem to be
enough of these in the early universe to explain how much heavier
elements we see

* Once the underlying physics is known, we can infer information of the site
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About Half of Heavier Elements
must be made Iin an r-Process

Nucleosynthesis in the r-process
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Nuclear physics shapes the characteristic final abundance pattern
for a given r-process model
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Mass Uncertainties and r-process

 Are the fine details a reflection of the site or of nuclear physics?
B Sun et al. PRC 78 025806 (2008

]u’E ¢ L e e e e T
(d) f

HFB-13

113,115,117,
. Y)

Solar r-process abundance

-5 Y N 1
60 80 100 120 140 160 180 200 220 60 80 100 120 140 160 180 200
Mass Number A Mass Number A

 “Site independent model” — Fe seed nuclei are irradiated with = 20
flashes of 1020 to 1028 n/cm?3 over a time scale of seconds (T = 1 GK)
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Reach of FRIB — Will Allow
Modeling of the r-Process

* B-decay properties
* masses (Trap + TOF)

* (d,p) to constrain (N,Y) | Known half-life EEEEEE
» fission barriers, yields i

Current reach RISAC

Key
Nuclei

First experiments (70) Yb
(69) Tm
(68) Er
(67) Ho
(66) Dy
FRIB reach for

half-lives —
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STELLAR EVOLUTIONS A JOURNEY WITH GHANDRA -

BTELLAR NURBERY
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Rare Isotope Crusts of Accreting
Neutron Stars

Neutron Star Surface

. . H,He
Radiative ’ .
_ IexLoneimiallﬁt‘todlata‘ I_ COOIing / SPQCtra Llnes
Gas O X-ray burst
— ~4m
KS 1731-260 B o0 T
(Chandra) Ocean € ?;grenrbursts
I_'-',looI — I10|00I — I15‘00I Ashes
Time since tg (days)
Cackett et al. 2006 (Chandra, Xmmwgwmn) gute{
rus
= Nuclear reactions in the crust set gfrrusst; ?eeatmg
thermal properties Inner luminosity
= Can be directly observed in transients Lt 10-70 m
» Directly affects superburst ignition V Cooling

Understanding of crust reactions offers possibility to constrain neutron star
properties (core composition, neutrino emission...)
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Relevance to neutron star radii
and NNN force

From the talk - I I N R I I —

" we B-cquilibrium, n+p+c+p ’
of J. Carlson, | e |
LAN L ’ e . NN (AVS")

L ==+ NN+TNI(AVS8'+UIX) .

2 -
S 1.5F
2 —
l —
0.5
0
Observations: Calculations
. Gandolfi, lllarionov, Fantoni,
Ozel, Baym, Guyver arXiv:1002.3153 Miller, Pederivak, Schmidt : arxiv 0909.3487
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Tests of Nature’s Fundamental
Symmetries

. . t\
. - &
Anguls; correl.latlons in B-decay and (10000 | «é"" Chupp, Lu, Mueller,
search for scalar currents / Savard et al.
- Mass scale for new particle comparable
with LHC buslons
- 8He and 8Ne at 101%/s ﬂ%
. %
« Electric Dipole Moments At TE"D":
B 225AC, 223Rn’ 229Pa (30’000 more Enﬂrgv Hal&!
sensitive than 19°Hg; | > 1019/s) é é)
2
« Parity Non-Conservation in atoms e i

- weak charge in the nucleus (francium o
isotopes; 109/s)
 Unitarity of CKM matrix
- V,q by super allowed Fermi decay Vud Vus Vub
- Probe the validity of nuclear corrections Vcd VCS Vcb
Via Vis Vi

»
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Rare Isotopes For Society

* |[sotopes for medical research

— Examples: 47Sc, %2Zn, %4Cu, ¢'Cu, %8Ge, 149Tb, 153Gd, 1%8Ho, 177Lu, 188Re, 211At, 212B;,
213Bi, 2?3Ra (DOE Isotope Workshop)

— o-emitters 149Th, 211At: potential treatment of metastatic cancer

— Cancer therapy of hypoxic tumors based on ’Cu possible is a source would be
available

» 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. 8889Zr
» Same technique important for astrophysics
— More difficult cases studied via surrogate reactions (d,p), ((He,o xn) ...

 Tracers for Geology (3?Si), Condensed Matter (8Li), material studies, ...

» Special isotopes for homeland security applications (3-delayed neutron
emitters to calibrate detectors, etc.)
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Proton Number
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20

Separated Isotopes from FRIB

U

o

Half-life limit set at 1 minute

"

Activity after 1 hour of collection

0.001 mCi< | <0.01 mCi
0.01 mCi < <0.1mCi
0.1mCi< || <1mCi
1 mCi < <10 mCi
10 mCi < <100 mCi
100 mCi < <1000 mCi

1000 mCi <

| | | | |
20 40 60 80 100 120 140 160 18(

Neutron Number
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Summary

» We have entered the age of designer
atoms — new tool for science
* FRIB (and other facilities like CARIBU) Isotopes for
will allow production of a wide range of Sociely
new 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 component of a future U.S. - tcloa!
isotopes program Astrophysics
* New applications range from nuclear
modeling, astrophysics, fundamental

Interactions, and use of isotope

.
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