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NRC Rare Isotope Science Assessment
Committee, RISAC, on Study of Nuclei

“The
committee
concludes that
the science

Scientific Opportunities with a

addr c?ssed by a RARE-ISOTOPE FACILITY
rare-isotope ~_inthe United States
facility, most 3
likely based on

a heavy ion
linac driver,
should be a
high priority for
the United
States.”

F [ U.S. Department of Energy Office of Science
@n National Science Foundation
&J Michigan State University

FRIB

¥4 The committee concludes that nuclear

structure and nuclear astrophysics
constitute a vital component of the nuclear
science portfolio in the United States.
Moreover, nuclear structure-related
research provides the scientific basis for
important advances in medical research,
national security, energy production, and
industrial processing.”

The Gathering Storm report argued

that strong public support of basic
research can help fuel the national
economic engine... While it is nearly
impossible to argue that any one specific
investment is critically necessary to
maintain the future health of the enterprise,
the committee does recognize the value of
a U.S. FRIB as one element of a much
broader portfolio in the physical sciences.”

—Scientific Opportunites with a Rare Isotope Facility,

December 2006
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RISAC Science Drivers

* Nuclear Structure

— Explore the limits of existence and
study new phenomena

— Possibility of a broadly applicable
model of nuclei

— Probing neutron skins

— Synthesis of superheavy elements

* Nuclear Astrophysics

— The origin of the heavy elements
— Explosive nucleosynthesis
— Composition of neutron star crusts

* Fundamental Symmetries
— Tests of fundamental symmetries

 Other Scientific Applications

— Stockpile stewardship, materials,
medical, reactors

F ¥~ U.S. Department of Energy Office of Science
National Science Foundation
&J Michigan State University
NSCL FRIB
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Examples of Scientific Goals of FRIB that
Drive Specifications

* Produce and study nuclei along
the drip lines at A=100 10

* Produce and study nuclei in the 10"
r-process including at N=126 10°1

Calcium Isotopes

. Key benchmark nucleus *#Ca
* Provide reaccelerated beams 2107

capabilities (fusion, transfer, R T —
Py ate limit for
COULEX, etc.) m , ~, |reaccelerated Key benchmark nucleus %°Ca
Em beams
« Superheavy element studies = 10° -
. -
and fundamental symmetries o

8 107 Limit for detailed structure™

experiments require that ISOL Dripline.

production by 600 MeV protons 1 \
be an option 10° Limit for basic information
107 _—

« Example: FRIB intensity will L e e e e
allow the key benchmark nuclei 46 48 50 52 54 56 58 60 62 64 66 68 70 72
54Ca (reaccelerated beams) and Wass Number
60Ca (fast beams) to be studied

: U.S. Department of Energy Office of Science
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Rare Isotope Production
Mechanisms

 Reacceleration by target spallation and fragmentation

Target/lon Source

Post beam
Accelerator famg —>- :
- Acceleration

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

oo I

« NEW: In-flight Separation following projectile fragmentation/fission

beam
|
Beam

Beams used without stopping
“SBY Fragment Separator

Post p
Acceleration - -
cce Gas cell catcher/ion source

target

»

[ ‘ Facility for Rare Isotope Beams
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Facility for Rare Isotope Beams, FRIB
Broad Overview

* Driver linac capable of E/A 200 MeV for all ions, Eront End

Poeamn 400 kKW Building 3
 Early date for completion is in 2017 “/ ECcr

_ ‘lon Sources

« Upgrade options (tunnel can house E/A = 400 MeV Linac

uranium driver linac, ISOL, multi-user capability ...) Tunnels

Post Accelerator /
Gas Stoppers / /’/Superconducting

Office Addition

Experimental Area

Solid Stopper n
Addition

' 4 Heavy lon Driver Linac

&
i

—
—————

=" In-flight

Connector Highbay n-flight
arget

and South Highbay

Extension =
gragment S
eparator .
P Switchyard
ISOL Targets
(option
. 4
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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 v v ¥V cp3 App;ﬂve Ch4 | vy
isi CD-1 cD-2 start o
Decisions Start pkg o O T
——— o
Design Gﬂé‘e";gﬁ‘m Design |
I
Lﬂng Iﬂ‘ad pr_{m Cwoplant Tunnel
| | BODwyr wBOD
Civil construction
| 1
Construction | Cryoplant fab, installation, commissioning
| | I
Inst:“:tinn Equipment construction
Installation
| |
| I Early
Linac commissioning ﬁl completion
N Combined commissioning 10/30/2017
Commissioning | |

Schedule contingency

Budget periods BP1 _T.ll— BP3
2

F [ U.S. Department of Energy Office of Science

‘ ‘i ’ ‘p National Science Foundation

Michigan State University
NSCL FRIB
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Transition from NSCL to FRIB Operations

« Minimal perturbation of the experimental area when transitioning from
CCF to FRIB operations (goal is six months down time)

1 20 feet —

10 meters

t U W /g

- Existing MSU Cyclotron Driver and Target operates
" until FRIB Driver and Target are operational

—
F [ U.S. Department of Energy Office of Science
@ ; National Science Foundation
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What New Nuclides Will FRIB Produce?

* FRIB will produce !
more than 1000
NEW isotopes at a 80
useful rate

e Cross section data

oo
=
|

IS needed S

£

* The limits of =
stability are a = 40l - r-process
benchmark for = Neutron dripline

nuclear models and E

have an influence

_ N =108s 100 - 102 51
on astronomical

106 - 10851 = 10210051

]
=

phenomena. N 104 -106s1 | 104 -102s 1
102-104s1 §106 - 10451
 What are the 0 ! . . . | L
prospects for 0 20 40 60 80 100 120 140
defining the limits? Neutron number

Rates are available at http://groups.nscl.msu.edu/frib/rates/

—
F [ U.S. Department of Energy Office of Science
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Status of Drip Line Search < 2007

« 2009 DOE Milestone: Determine the limit of stability up to = 11

Chlorine

32 33 34

Sulfur
Phosphorus
28 29 30 Silicon
Aluminum

Maeonesitim Il:l
. g 2?7?27
Sodium 37 2002

Neon - 2002 giEN/GANIL

Fluorine

H. Sakurai et al., PLB 448 (1999) 180
M. Notani et al., PLB 542 (2002) 49
S.M. Lukyanov et al., JPG 28 (2002) L41
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New Experiments at NSCL Using
A1900+S800

Looking for 1 event from 1078 beam particles - Baumann et al. Nature 449 (2007) 1022

S800 analysis beam line

Momentum
measurement

K500 Timing
cyclotron 741900 - o detséi::)rs Do photo
1200 ) fragment ‘ PPAC goges |
cyclotron Er—— ”HH] zl;?rsl;(:ﬁator
Achromatic degrader photo
tube
ffffff 120 pnA4Ca 140 MeV/u e

[ U.S. Department of Energy Office of Science
‘ National Science Foundation
hnb‘“ Michigan State University USNDP November 2009 Slide 11
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First Observation of 4°Mg

3 Events of 4°Mg observed in 10 days

300 ——————————————— )0 — , ———
i | ) '22 :I1,024 i :I1,024
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Momentum-corrected flight time (ns)

T. Baumann et al., Nature 449, 1022 (2007)
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Drip Line Extends Farther Than Believed

37 Chlorine

32 33 34 36 Sulfur
Phosphorus
28 29 30 Silicon
Aluminum

24 25 26 Magnesium

Sodium 5[ ]
s | -
Neon . b ]
Fluorine _ 3 - Bsk9 -]
% B -
Oxygen = 2?2 E
s ' e--.__ . 7
s F “ p
& 2 [ -
I 1 H . UE) S \ E
Starting with #2Al the p,, shell is filled, 4 F . _ ]
indicating that #5Al is bound; and likely 47Al s F T
. [ ] | ] | | ] L
IS bound (p1/2) ° 18 20 22 24 26 28 30 32 34 36
Neutron Number
F V U.S. Department of Energy Office of Science
National Science Foundation
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Drip line search extended

« The next step in the search used 7°Ge,

100 pnA, 130 MeV/u

* Momentum distributions and

production cross sections measured by

changing the target thickness

» Tarasov et al. Phys. Rev. Lett. 102,
142501 (2009):

—f e ———

i
z
w
P
B
]
1==1==
"o
BT

measured prod.
cross section . MSCL (2007)

deviating from
! systematics = KTUY

2p) 43

F U.S. Department of Energy Office of Science
@ & National Science Foundation

‘ .@ Michigan State University
NSCL FRIB
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Production Cross Sections Measured in
the Experiment

Cross section logarithmic with Q, (Tarasov PRC75)
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New Island of Inversion

» Evidence for enhanced T2 Paz Pae e —> T2

production cross sections could
be interpreted as enhanced
stability in these nuclei

* A new “island of inversion” was L
predicted by BA Brown centered .
on 62T

* The new “island” corresponds to
the filled f-shell with a near-by g-
shell

possible island
of inversion

]

et It B B
|

- __l__ P P
]
|
I

« Similar to the filled s-d shells
and the proximity of the f;, orbit -

Mg
2p) B
iy
F [ ¥ U.S. Department of Energy Office of Science
@n ‘ ; ’ National Science Foundation
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C
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How Far Will FRIB Extend the Drip Lines?

|
80
. 60
©
o
=
E a0l r r-pnfn:_ess
O Neutron dripline
<!
o
20 > 10851 10010251
108 — 108 g1 102 — 109 -1
N 104 - 106 s I 104 - 1025
Tarasov et al. 1024 -104s1 B106-104 51
0 = | | | | | —
0 20 40 G0 a0 100 120 140
Neutron number
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Studies Near the Drip Lines

B FRIB
I IFAIR
B RIKEN
. INSCL

* FRIB will be one of the best places

to study nuclei at and nearthedrip 3
lines  OxA0°

— Extreme Halo Nuclei >
. : 10¢
— Nuclei with large neutron skins 1.9
w
o 1.0x10
)
=
1.0x10°
Gs| _ m0.40 fm < skin < 0.55 fm
@ 0.55 fm < skin
1.0x10% —%
Z>13 FRIB

‘.C-U' NSCl:S, & )0 % 6\0 © r
3 o O Mass Numbe
Q2

3 e

o

20 40 60 80 100
Number of Cases

F [ > U.S. Department of Energy Office of Science

@‘ 6 National Science Foundation
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EVOLUTIONS A JOURNEY WITH GHANDRA

-




Goal: Understanding of Astrophysical
Environments

. ) Abundance Summary for CS 22892-052
* Use observational data to infer p

conditions at the site | | | .

c

» Accurate modeling requires ,fc?)

* that we make the same isotopes &
that participate in astrophysical 3 -

environments <

* reproduce the nuclear reactions g

that occur in those environments . Sneden 2003 Cowan 2006
. -4 —
 The hard part is that nature 0 20 40 60 80 100
produces isotopes in environments Atomic Number

like the r-process with T > 10°K,

~ 20-28 -3
neutron 1 O cm

F | - U.S. Department of Energy Office of Science
@ National Science Foundation
N ﬁ'«»’ Michigan State University USNDP November 2009 Slide 20
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Uncertainty Between Models and Nuclear
Properties

Astrophysics Nuclear physics
10" — S e Y ']01 I O B A R B
# —— Hot bubble | —— ETFSI-Q masses
0 = Classical model — ETFSI-1 masses
10 Same nuclear physics B 100 ; Same (classical) r-process model 3
O '
o 10 1 10! "
g r
2 10-2 1107
103 s 10‘3E
1 0-4 ,:,reibu,rghaqs et al 1 999 I R R B T T R B 10'4 I | | | I | | | I | | | I | | | I | | | I | | | I | |
100 120 140 160 180 200 220 100 120 140 160 180 200 220
Mass number Mass number
Hendrik Schatz

@
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Reach of FRIB

* 3 decay properties
» masses (Trap + TOF)

* (d,p) to constrain (n,y) | Known half-life
« fission barriers, yields

NSCL reach
First experiments

FRIB reach for
half-lives

_ (' U.S. Department of Energy Office of Science
Q National Science Foundation
J Michigan State University

NSCL FRIB

(70) Yb
(69) Tm
(68) Er
(67) Ho
(66) Dy

RISAC
Key
Nuclei
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FRIB Reach for Novae and X-ray burst
reaction rate studies

5n (50) LT T T TolalBfl pl bl

Qﬂ(‘ﬁﬂg Ill el VY
B 1010 rp-process Agmq‘ IR i

Pd

. 109-10

B 1089 o (411 ||EHE=J
107-8 direct (p,y) o }
107 '
1056 fiansiel key reaction rates can be
1045 | PP) indirectly measured
some transfer

Cu(29)

including ?Kr waiting point

most reaction rates up to ~Sr can be
directly measured

All reaction rates up to ~Ti can be directly
measured

[ U.S. Department of Energy Office of Science
.‘ ’ National Science Foundation
P

Michigan State University USNDP November 2009 Slide 23
FRIB




Tests of Nature’s Fundamental
Symmetries

« Angular correlations in 3-decay
and search for scalar currents

- Mass scale for new particle
comparable with LHC

« Electric Dipole Moments :
» 225Ac, ?23Rn, 22°Pa (30,000 more y
sensitive than 19°Hg) :
 Parity Non-Conservation in
atoms e

- weak charge in the nucleus
(francium isotopes)

energy scales

 Unitarity of CKM matrix
- V4 by super allowed Fermi decay Vud Vus Vub
- Probe the validity of nuclear VCd VCS Vcb
corrections
Vid Vis  Vip
@ ‘ a U.S. Department of Energy Office of Science
@: M “Nﬂ?éﬁngjsgzpecﬁ;sgpsﬁ?én USNDP November 2009 Slide 24
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Rare Isotopes For Society

* |sotopes for medical research

— Examples: 47Sc, 2Zn, %4Cu, ¢7Cu, 68Ge, 149Tb,
153Gd’ 168H0, 177LU, 188Re, 211At’ 21ZBi’ 213Bi,
223Ra (DOE Isotope Workshop)

— -emitters %9Tb, 211At: potential treatment of
metastatic cancer

» Reaction rates important for stockpile
stewardship — non-classified research

— 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), (3He,o xn) ...

©

F. [ U.S. Department of Energy Office of Science
@ ' ’ National Science Foundation
00

Michigan State University
NSCL FRIB

7

Expansion options (beyond

- us caf

FRIB scope)

10,000

20,000 =q ft 42000sq ft

A

L_ore

Example:
NNSA Neutron Facility as
proposed by LLNL
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Flexibility for Science Driven Upgrades

» Possible future expansion for FRIB

—ISOL capability — full infrastructure is
included in the design, targets could be -

added when appropriate 107 A
— Upgrade of Heavy-ion Linac Driver to 400 R —=— s
i —e— 7y

MeV/u for Uranium — space in tunnel 112
included « 1%Pvp

—
o
(8

— Reacceleration of Rare Isotopes to 200 = 108
MeV/u Using the Existing K1200 Cyclotron =
< 101

ISOL stations |

izl

i/ = 724 e T T T T T T T T
71 A \ ¢ 0 200 400 600 800

0 — - T RS

/

Micro-bunch 10 -1
beam switching S OSERY
g Y/ S = T _4|._ A
a0 {8 (3 {HEE =) - bt m";— = Ty, 7 g r .\u\. -
. s - : . : : £ 1 // SN (1 /{/j :

- i R
%4 5 Energy (MeV/u)
‘\*:.___\‘H A -:,/ | .
In-fligth Catcherfion
separator source f
system
F [ U.S. Department of Energy Office of Science
@n National Science Foundation
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What to Learn and What to Do

* NUCIear propertles Over Fast and Existence 400 MeV, 400kW
' Stopped | Mass/Lifeti
a wide range of new opped | MESSIINNN

isotopes will be studied  reaccelerated -S5O

Beam Transfer
— one example for Zr ' — . .
illustrated on the right : 107 10°10' [=a° PP°

* How do we
publish/evaluate large
amounts of new data?

* What is most
interesting?

« How do we evaluate
trends and extract gl
interesting signals on
the nature of the

D 10 T T
nuclear force” =0 60 70 80 90

Neutron Number

r-process

Separation Energy [MeV]
D

STUDIED
Zr Isotopes

F [ ¥~ U.S. Department of Energy Office of Science
@n ‘ ’ National Science Foundation
00
C
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Example of the Data Available From FRIB
on Symmetry Phases in Nuclei

A I
ol S;c/ugled
N N deformation
P=—Ff—~ f : Pepit~ S decay,
100 N,+N, pairing | breakup,
_ * transitional nuclei i transfer,
L a0 2=82 coulex
e
Z FRIB give
g the most
& complete
40 set of
data

Known 4+ states

20 4+ slales, (ransitions 4t 10’51 PPs
[ | 4+ states at 0.1 pps FRIB
0 | | l I I I -
0 20 40 60 80 100 120 140 160 180

Neutron Number

F [ ¥~ U.S. Department of Energy Office of Science
@n ‘ , National Science Foundation
00
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Nuclear Data Requests

* Help in evaluating and publishing nuclear data.
—How do we help users publish meaningful (with accurate error bars)
— Proper evaluation techniques
— Provide easy and accurate review of the literature (conference proceedings?)

» Specific requests for information to include in the compellations
— Isospin be included in the compellations online
—NSR distinction between theory and experimental papers
— Quadrupole moments of excited states
— Octupole moments of excited states
— Magnetic moments of
—B(E2)'s in units of e2fm? or e2b?

—"Make one table per nucleus that has level energy, spin, E_,na; gam - At
present there is one table with E,q, spin, lifetime (no transitions at a 3 and one
table with E E I no spin info in there)”

level> =—gamma> gamma(
* Nuclear data center participation in FRIB facility and equipment
development.

F U.S. Department of Energy Office of Science
n J National Science Foundation
“' Michigan State University USNDP November 2009 Slide 29
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Summary

* FRIB will allow production of a wide range of

isotopes Isotc_:pes for
— Extend our searches for the limits to nuclear Soclety
stability
— Answer key questions on the nature of the
universe (chemical history, mechanisms of st

explosions) Nuclear Tests of

— Significant opportunities for the tests of Structure Fundamental
fundamental symmetries Symmetries
— Potential for important societal applications

* FRIB will greatly increase the available nuclea

data. We must partner with the data evaluation Astrg;:f;s'ics
effort

« Among the challenges are selecting the best
measurements

‘ U.S. Department of Energy Office of Science
4 J National Science Foundation
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