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NSAC 2002 Long Range Plan

RECOMMENDATION 2

The Rare Isotope Accelerator (RIA) is our highest pri-
ority for major new construction. RIA will be the
world-leading facility for research in nuclear structure

and nuclear astrophysics.
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Facility for Rare Isotope Beams
A Future DOE-SC National User Facility

= Key feature is 400kW beam power
(5 x1013238U/s)

» Separation of isotopes in-flight
 Fast development time

e

i Experiments with fast, st d,
for any isotope "and reaccelerated beams
» Suited for all elements . o S B D
and short half-lives 57 wlle 4 - S

= Reaccelerated beams
(up to 12 MeV/u)

400 kW

&, superconducting RF

. linear accelerator
l

Rare isotope
production area and
isotope harvesting
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FRIB: Facility for Rare Isotope Beams

» FRIB is located on the campus of Michigan State University and funded
by the U.S. Department of Energy

» MSU selected to design and
establish FRIB in December
2008

44444

» Project started
in June 2009
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Accelerator Systems: SRF Driver Linac
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» Provide beam power up to
400kW

» Energy upgrade to 400 MeV/u
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slots with 12 SRF cryomodules
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Rare Isotope Production Facility

* Target hot cell, subterranean - Target facility building high bay
» Production target » Second and third stage of fragment separator
» Frggment preseparator » 50 ton bridge crane
» Primary beam dump(s) » Fragment separator power supplies

v

Remote handling (RH) equipment

N

=== < , =
_---'| QI
N
Q
Toall © E'fj-‘ ﬁ 3 2 : = = ) ||
= : ) « Support areas,
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T Llhle = l » Non-conventional utilities

» Remote handling gallery
and control room
» Waste handling
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Fragment Separator

* Production of rare isotope beams with 400 kW beam power using
light to heavy ions up to 238U with energy = 200 MeV/u

— Large acceptance: = 40 mrad (angular) and + 5% (momentum)
— High magnetic rigidity: 8 Tm after target

* Three separation stages for
high beam purity plus
operational versatility

Second and Third
Separator Stage \)

Rare Isotope Beam
to Experiments
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Fast, Stopped, and Reaccelerated Beam
Experimental Areas and Equipment

Beam Stopping

Experimental Areas, e
Experimental f
Equipment =
o | i I
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Stopped Beams at NSCL and FRIB

Cyclotron gas stopper

» Multifaceted approach
— Linear gas stopper (heavier ion beams) on
— Cyclotron gas stopper (lighter ion beams) Tl \ b &

— Solid stopper (certain elements, highest
intensity)

o Status

Cryogenic
linear gas

Solid stopper
ion-source

— Linear gas catcher (ANL) in place and Sehon
commissioning started

— Cyclotron gas stopper construction started
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Reaccelerated Beams at NSCL and FRIB
with ReA Facility

RFQ

CM1 & @
CM2 SECAR S .
' \ s ‘e
&7 ANASEN, SUN, o
EBIT CB - LENDA, SeGA/ g

Thermalized
rare isotopes
from CCF/FRIB

CAESAR

> EBIT/S charge breeder
ll SRF linac

ReA3 — 3 MeV/u for 238U
Expandable to >12 MeV/u for 238U
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New accelerator and present
experimental areas

Fast Beam Area Gas Stopping Stopped Beam Area Reaccelerated Beam
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Transition from NSCL to FRIB

I |20 feet|
TART T
LI I L B

| 10 meters

EXIstlng MSU Cyclotron Driver angJTa'@t operates
"until FRIB Driver and Target are operatlonal
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FRIB timeline

« 8 June 2009 — DOE-SC and MSU sign Cooperative Agreement
« September 2010 - CD-1 approved

* August 2013 — CD-2/3a (civil construction)

» March 2014 — Start civil construction

* August 2014 — CD-3b approved (technical construction)

* December 2020 — Early completion goal

* June 2022 — CD-4 (project completion)
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Critical path

CFID - Conventional
Facilities and
Infrastructure Division InstalliTest . T2 CFID
Front End '
Equipment
(7-10 months)

| ] T3AsD

v .
ASD - Cryogenics [ P2 Preoperations

Plant Plant
(18 months) (22 months)

Build Cryogenic InstaI[Test Cryogenic

Fabricate Cryogenic Distribution Ins;iaslltl"ir 'g'rlyo
v (35 months) (14 months)
ASD - Cryomodule Cryomodule

. Production

Installation (45 months)

Cryomodules -
i T Cryomodules Cold Testin
el Tunnel

(11 months) (24 months)

Preoperations - Commissioning

@ CD-2/3a € CD-3b Early Completion ¢
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Ground breaking: March 17, 2014

_.—Jr-f

FRSSNSNE _m e

i'f“ FRIB ‘ﬂ_

“W iy

a Facility for Rare Isotope Beams
y- g U.S. Department of Energy Office of Science
@ Michigan State University



Civil construction: 8 Weeks Ahead

Front-end building 16 months ahead of baseline

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

http://www.frib.msu.edu/
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Aerial view of FRIB construction site
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Conventional facilities progress
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Tunnel warm and painted View of target area from the north
View inside linac tunnel from the west
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Conventional facilities site layout

=

il 2 2 2 20 2 2 2 2 2 A 2 A A ) i ; EmTUODamaan __M ¢ > z

LA B B U B U B N W N I " BEEST B i : 2T I Mo e EE
! 3 = EE

== wmuEmmEmdwE TR - 5 \E Lo a

B e

-l b4 Y, f % 5
- F .
1 E o o o A B SN
\ -
\ XN
A / \\ N
a S
L § %
o 43 o 3 BN &
_ N

A
vl

N

a Facility for Rare Isotope Beams
y- g U.S. Department of Energy Office of Science
@ Michigan State University



Conventional facilities site layout: Street view
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FRIB is nheeded to understand atomic nuclei

Nuclear Landscape

» A quantitative model of atomic nuclei
with predictive power does not yet exist

stable nuclei

known nuclei i
- Aﬁﬁ_

120

82 L
5
i/

100

o
=

neutro,
ns

Figure adapted from
www.scidacreview.org/0704/html/unedf.html

Proton Number

0 9 20 40 60 80 100 120 140 160 180
Neutron Number

The neutron-rich limit is only known up to oxygen
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FRIB is needed to understand
the origin of the elements

» How were the elements from Connecting
Quarks

with the Cosmos

iron to uranium made?
» Where and how does the

r-process occur? ~ G5 g Seis on G pae 1
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i
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"'rl_ d r-process path

’/"rrﬂ r-process proceeds in neutron-rich nuclei
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FRIB projected production rates
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particles per second
(LISE 9.8.105)
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Discovery potential

"I Nuclear oA

“f Chartin 1966 ; i

ol ; |

i I

i Less than1000 I
. known

Neutron number

B

®

New territory to be explored

o today about 3000 known isotopes
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How many more nuclides are there?

100F
N 80F
0]
£
)
g 60F
) B stable isotopes
c’f:) B radioactive decay chain
40¢ B light particles i
B fusion/transfer
B fragmentation
unknown
20F B predicted driplines )

40 80 120 160 200 240 280
Neutron number N

7000 bound nuclide should exist (Erler et al.,Nature 486 (2012) 509)

]
©®

National Science Foundation
Michigan State University

©)




Discoveries are driven by new technologies

Fusion evaporation  Projectile

120 fragmentation

WWII Reactors

Isotopes Discovered

100 -
First accelerators \ v l
80
Mass \ \
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40 - Radio- —— | |
activity \, I/\I \ / A \~V\ |
20 - | -
: il Il
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Year

FRIB @f 0 Dot Earg%é?“?g’e Beams M. T. and B.M. Sherrill, Nature 473 (2011) 25
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Timeline Movie

http://www.nscl.msu.edu/~thoennes/isotopes

2012

| Radioactive Decay

I Mass Spectroscopy
Light Particles
Fission

B Fusion/Transfer

B Spallation

I Projectile Fragmentation

M. Thoennessen & @
MSU/NSCL - 2013 =

]
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Known isotopes
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Discovery of superheavy elements
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o5k ~1 new element in 3 year
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Year

F National Science Foundation G. T. Seaborg and W. D. Loveland, “The elements beyond uranium",

LNSCL Michigan State University Wlley, New York, New York (1 990)




Discovery of super heavy nuclides

320

280} :
~4 new nuclides/year
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RO National Science Foundation G. T. Seaborg and W. D. Loveland, “The elements beyond uranium®,
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Isotope discovery project

Atomic Data and Nuclear Data Tables 99 (2013) 312-344

Contents lists available at SciVerse ScienceDirect

Atomic Data and Nuclear Data Tables

journal homepage: www.elsevier.com/locate/adt

Discovery of isotopes of elements with Z > 100

M. Thoennessen

Narional Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, Michigan State University, East Lansing. MI 48524, USA

Flerovium
Z=113 278
Copernicium
Roentgenium 272 |274 278|279
Darmstadtium : 69 270 :
Meitnerium 266| |268| (270 274|275|276
Hassium 63 264 265 266 267 268 269 270
Bohrium 260|261|262|  |264|265/266|267 270(271|272| |274
Seaborgium 8 259 260 261 262|263 264 265 2686 26
Dubnium 256|257| 258 PEERLNPLA LY R L: 266(267(268|  [270
Rutherfordium —— 4 6 8 259 260 261 262 26 5
Lawrencium —————  |252|253|254 6 8 259 260
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Connect hot and cold fusion results

Z=118
Z=117
Livermorium
Z=115
Flerovium
Z=113
Copernicium

Roentgenium

Darmstadtium

Meitnerium

Hassium

Bohrium

260 261 262 pAsE] 264 265 266 267

Seaborgium

258 259 260 261 262 263 264 265 266 267

Dubnium
Rutherfordium ——
Lawrencium

]
®

O

256 257 258 259 260 261 262 263

253 254 255 256 257 258 259 260 261 262 263
252 253 254 255 256 257 258 259 260

National Science Foundation
Michigan State University
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267 pAsis1 269 270 271 273
PATs 267 268 270

263 264 265 266 267 268 269 270 271

274 275

Unknown

Cold fusion

Odd-Z hot fusion chains

Even-Z hot fusion chains



Z versus N-Z
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Z versus N-Z
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Trends and systematics: S,

80

16 —
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PROTON NUMBER
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Trends and systematics: Ea,pha

Energy of alpha-decay ( 152, 162 )
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Superheavies: E, .
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Superheavies: T,
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Trends and systematics: N-ZE, .

Energy of alpha-decay ( 152, 162)
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Superheavies lines of constant Z: E
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Superheavies lines of constant N-Z: E
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Lines of constant N-Z
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Production methods

120 All fusion-evaporation

100

80

B - Stable and naturally
occurring radioactive
iIsotopes

m - Light-particle reactions

7 - Neutron reactions

] - Fusion-evaporation

B - Fragmentation/spallation

60

Proton number

40

20

20 40 60 80 100 120 140 160 180

Neutron number
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How can new nuclides be discovered?

100F .
N80} =
3
g N=184
S 60} A
O
g B stable isotopes

N=126 B known .
unknown

SN
o

— fusion-evaporation
— projectile fragmentation/fission ]|
——> deep inelastic/transfer

N
o

40 80 120 160
Neutron number N

]
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How produce new superheavy nuclides

Bt B fusion with radioactive beams
I : zns W. Loveland,
os 110 Phys. Rev. C 76 (2007) 014612
l;:a only 238y + 298¢
cold fusion

e hot fusion
multi-nucleon transfer

V. Zagrebaev and W. Greiner
Phys. Rev. C 78 (2008) 34610 — neuiron number
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Summary and outlook

» FRIB construction is on schedule:
» Project completion June 2022
» Early completion in December 2020
» FRIB will most likely not discover new elements

» But FRIB could reach neutron-rich isotopes of superheavy
elements towards N =184

» Research program is user driven

A\

Users are organized as part of the independent
FRIB Users Organization with over 1400 members

> Please join at www.fribusers.org

ERIB::
=5 Organization
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