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LOW ENERGY NUCLEAR PHYSICS
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LOW ENERGY NUCLEAR PHYSICS

» Refers to the energy scale of the science
— Of order few MeV (nuclear binding scale)

» Physics encompasses nuclear structure,
decay, reactions and limits of nuclear chart

= Most direct impacts to our lives
— Energy
— Medicine
— Security . . .
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THE NUCLEAR LANDSCAPE it

What are the limits of the nuclear
chart?

* Nucleon (proton/neutron) driplines o
« Super-heavy nuclei
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THE NUCLEAR LANDSCAPE il
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] How does structure change across

the chart?

 Extreme N/Z ratios?

» Collective excitation modes?
« Emergent phenomena?

Argonne &



ANSWERING THESE QUESTIONS

1. Accelerator facilities

— Diverse capabilities to deliver beams of stable and

radioactive ions, at energies ranging from ~ 100 keV to
GeV

2. Advanced Detectors and Instrumentation The Q.'l
— High efficiency, high resolution detection systems for: LONG RANGE PLAN

« Light charged particles for NUCLEAR SCIENCE
* Heavy charged fragments

« Gamma-rays © @;
« Neutrons '
— Data acquisition, software and data
storage
. Argonne &

https://www.energy.gov/science/np/nuclear-physics oo



ACCELERATOR FACILITIES
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RARE ISOTOPE BEAM FACILITIES WORLDWIDE
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LOW ENERGY NUCLEAR PHYSICS FACILITIES

DOE National User Facilities e =
= Argonne Tandem-Linear Accelerator System —-—
(ATLAS) — https://www.anl.gov/atlas e,
— High-intensity stable beams s i

— Radioactive beam program with stopped and re- - | o s
accelerated fission products and in-flight beams ~—_Ji<

» Facility for Rare Isotope Beams (FRIB) — - Gl -
http://frib.msu.edu '
— World-leading facility under construction at MSU D;E
— 400 kW heavy-ion SRF line; > 200 MeV/u
— Rare isotopes via fragmentation and in-flight fissic
— Fast, stopped, and reaccelerated beams

Gas Stopping

NSF User Facilities
= National Superconducting Cyclotron Laboratory

SRF High Bay

(NSCL) — http://nscl.msu.edu _ LT , '”EZ;' w
— In-flight rare isotope beam production - ‘
— Fast, stopped, and reaccelerated beams

11




LOW ENERGY NUCLEAR PHYSICS FACILITIES

Other DOE facilities (local use)

= LBNL 88-Inch Cyclotron — http://cyclotron.lbl.gov
— Basic and applied research with stable beams

» Texas A&M Cyclotron Institute —
http://cyclotron.tamu.edu
— Nuclear physics research with stable and
radioactive re-accelerated beams

= Triangle-Universities Nuclear Laboratory
(TUNL) — http://www.tunl.duke.edu
— High Intensity Gamma Source (HIGS)
— Laboratory for Experimental Nuclear
Astrophysics
— Tandem Van de Graalff accelerator
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ARGONNE TANDEM LINEAR ACCELERATOR
SYSTEM = ATLAS

onne National
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ATLAS/CARIBU FACILITY

= Stable beams at high intensity, ~10puA, and energy from ~0.5 to 10-20 MeV/u

= CARIBU (CAlifornium Rare Isotope Breeder Upgrade) beams
— heavy n-rich from Cf fission, no chemical limitations, low intensity, ATLAS beam
quality, energies up to 10 MeV/u

] |n-ﬂ|ght rad|0act|ve beams Access to nuclear structure for Z>100
with RAISOR Stable nuclei
— light beams (A<50), no
chemical limitations, close to
stability, acceptable beam S
properties

= State-of-the-art instrumentation for ‘

incognita

Coulomb barrier and low-energy
experiments

= Operating 5500-6500 hrs/yr
(+ 2000 hrs/yr CARIBU low energy)

Accessible through deep
inelastic reactionis

Accessible with
CARIBU beams

2 8 Access with light in-flight
radioactive beams
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ATLAS FACILITY LAYOUT

ATLAS + CARIBU + RAISOR
CARIBU beams beams 2-15 MeV/u
3-400 keV

Experimental SPS2, MUSIC

Old CARIBU Area 1
Exp. Area CARIBU
Experimental
P 0\\ LE beam lines RAISOR Areas 3 - 4
—
ATLAS + CARIBU beams
ECR2 <« 2.7 MeV/u
BOOSTER
ECR3 ° Experimental

Area 2

U.s. DEPARTMENT OF _ Argonne National Laboratory is a
U.S. Department of Energy laboratory 15 A
ENERGY 15 e rgonne




ATLAS EXPERIMENTAL
EQUIPMENT

CARIBU
> > LE beam lines
CPT
ECR2
ECR3 ° °

(EENERGY (25517

CPT mass
spectrometer

X-array

e

RAISOR

+ outside instruments: GRETINA, CHICO-II,
HERCULES, GODDESS, VANDLE, MTAS, SUN ...

16

Beta decay Paul trap

Laser spectroscopy

Si-array (Ludwig) and
Enge spectrometer
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CARIBU BEAMS FOR ATLAS

Unique beams available ) -
y =
= “Thin” 252Cf source g A i
Sm g pl (| |
= About 20% of fission branch extracted Na S .
. Ce .
as ions N : ma'l
= Works for all species — T “anrail
no chemical limitations sn SR T
Cd 184+ 86
Pd L] 80 82 Radioactive beams
Ru ] Used for experiments
Zr r o - " + Low-energy beams
Sr T + Reaccelerated beams
66
T 64
Se +444 62
60
Ge 8
56
Zn 54
2
Ni L1 1]
28 30 32 34 36 38 40 42 44 46 48 5
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REACCELERATED CARIBU BEAMS

"""""""""""
TT
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() ENERGY 72%:

252Cf fission fragments

< 108 ions/s

80 <A=<160 O
=+lor+2

EW 2

Production

High purity He gas catcher
Thermalizes fission fragments
RF electrodes form beam

Selection

* Online magnetic separation
« 1:15000 resolution

Charge breeding

» Fast breeding

@

Re-acceleration

18

* High efficiency
B -, | |y contamination
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ATLAS IN-FLIGHT RADIOACTIVE BEAMS
Argonne In-flight Radioactive lon Separator (RAISOR)

= Magnetic chicane couple with an RF sweeper
» 1-2 nucleon transfer reactions

= In-flight RIBs used to study
— Single particle structure
— Pairing in nuclei
— Nuclear astrophysics

RAISOR

Debuncher
Target . Separator

Primary
I
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ATLAS IN-FLIGHT RADIOACTIVE BEAMS

= RAISOR enables higher production intensities which

42

20

38

36

34

32

30

Y¢ Delivered with RAISOR

» |n-flight beams previously

» Estimated secondary beams with

will expand access to the chart of the nuclides _nl
= [mprovements
— Selectivity
— Purlty . ol
— Target accessibility sf”
4 -—1~;b~" l e NaMg 26 28
§ c . ]
B, y il Bo IE 14 "
B mrair produced at ATLAS
NERGY W ' - >103 pps with RAISOR
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N=126 FACTORY

= Access to nuclides in the last r-process abundance
peak, the N=126 peak

» High intensity heavy ions at 8-10 MeV/u

= Multi-nucleon transfer (MNT)
reactions

m 136X e + 198pt gt 10 MeV/u for
N — 126 Known nuclei

= Similar ion manipulation as
CARIBU low energy
— Gas catcher — RFQ ion guide
— separation — MRTOF — trap

Access to nuclear structure for Z>100

Stable nuclei

incognita

Accessible through deep

Protons

inelastic reactions

Accessible with
CARIBU beams

8 Access with light in-flight
@w DEPARTMENT OF ergosne r:‘ancm'a\ I;aEbcvam:yésa‘ 2
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ATLAS MULTI-USER UPGRADE

Responding to user needs

= Spectroscopy of the heaviest isotopes
— Recoil and gamma efficiencies are now optimized,

beam intensity limited by rate in Ge detectors. . . N ] -
The main knob left is running longer

U+ M8¢
cm™ 770 MeV

» Production of new neutron-rich

isotopes of the heaviest elements
— Small cross-section and long running time

Zagrebaev et al

160
number of neutrons

= Detailed single-particle spectroscopy in  RAISOR +HELIOS

the medium mass region
— Low production rates and intensities
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ATLAS MULTI-USER UPGRADE

" EBIS beams represents 1-3% ECR stable beam, ~95 ms EBIS pulse, ~1 ms @ 10Hz
duty factor \ ﬁ

= Combine pulsed EBIS beam with H H

stable ECR beam
— Address high demand on facility s oy

— Enable long duration experiments |
— Maximize efficient accelerator usage R \

Radiological
: Pr:zp Lalh 4_1 5 MEVIU Gammasphere

=
L

t

Combine beams
w- Split-Pole

i i e & YD & Spectrometer

\ CARIBU : - .
Rl T EBls | Py e g
A | ﬁ )l Separate beams. Y Ll
— F . ATLAS Lifkac 3, Beam Line \
T, Ve S . . RS ) Large Sattering
: : Facility
| & i e 4-7 MeV/u
)‘-‘-‘-‘-‘-"‘— W ’rvs_.!__‘ . - o
Booster Linag ™<= | /
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FACILITY FOR RARE ISOTOPE BEAMS -
FRIB
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FRIB — FACILITY FOR RARE ISOTOPE BEAMS

World-leading Next-generation Rare Isotope Beam Facility

= Rare isotope production via in-flight technigue with primary beams up to
400 kW, 200 MeV/u uranium

LT
= Fast, stopped and re- [ me—
accelerated beam NSCL | sonstessns —
capability Gossonas
= Upgrade options SN ;‘,:___;\,I
— 400 MeV/u for uranium / e -t - ——
— ISOL production — — (TR 0 v B,
multi-user capability rgmen \ % M N
FRIB project start 6/2009 L
Civil construction started 3/2014 v 1 i, |
Technical construction started 10/2014 S

[ T T T T T
. 50 meters
Beam Delivery System Folding Segment 2
‘Linac Segment 3.

- - . |
Linac Segment 1 Front End é‘ \

Managed to early completion FY 2021
CD-4 (project completion) 6/2022
Total project cost $730 million

_Linac Segment 2

Folding Segment 1 m
> NSCL enables pre-FRIB science Argonne &




FRIB BEAMS WILL ENABLE NEW DISCOVERIES

120 i
M Estimated to exist: J. Erler et al., Nature 486, 509 (2012) -
100 - M New from FRIB

M Isotopes with at least one excited state known

80 -

60 -

40 -

Number of Isotopes

20

0 | = , :
0 10 20 30 40 50 60 70 80 90
Atomic Number

New territory to be
explored with FRIB
— about 3000 known isotopes
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FRIB — FOUR SCIENCE THEMES

Properties of nuclei
— Develop a predictive model of nuclei and their interactions

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

Astrophysical processes
— Origin of the elements in the cosmos
— Explosive environments: novae,
supernovae, X-ray bursts ...
— Properties of neutron stars Nuclear

T ' Tee Structure

.9 Tests of fundamental symmetries
3 — Effects of symmetry violations are
amplified in certain nuclei

Societal applications and benefits
@ — Bio-medicine, energy, material
sciences, national security

Nuclear
Astrophysics
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FRIB — INSTALLATION ADVANCED, FIRST
BEAMS ACCELERATED
s e e

|

e O™ -

— \ T "" On track for early completlon by end of 2021 =
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FRIB ACCELERATOR SYSTEMS
SUPERCONDUCTING RF DRIVER LINAC

= Accelerate ion species up to 238U with coRinSarom

Room Temperature RFQ Accelerato

energies Of no |eSS than 200 MeV/u B=0.041 Quarter Wave Resonators
= Provide beam power up to 400 kW Fon e G i caveni

= Energy upgrade to 400 MeV/u for
uranium by filling vacant slots with 12
SRF cryomodules

» MSU has funded (3=0.65 cavity
prototype development

by ." . & = e v
Beam Delivery 7 =7 Z 3
System To Target A “ 3
£=0.085 Matching [=0.29 Matching  p=0.29 Matching (=0.53 Matching  Superconducting
Cryomodule Cryomodule Cryomodule Cryomodule Folding Segment

3 f=0.041 Cryomodules 500 keV/u RFQ

Target Beam Delivery S

Li-Stripper _ 7
Module 11 p=0.085 Cryomodules

Room-Temperature  B=0.085 Matching 12 p=0.29 Cryomodules 18 =0.53 Cryomodules 10 m Vertical Drop from

Folding Segment Cryomodule lon Sources (above ground)
U.s. DEPARTMENT OF _ Argonne National I‘jbulam:y;s a
() ENERGY L5 bty 29 Argonne S
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INE CCEL ERATOR IN FRIB TU\NNE

= First section of superconducting linac commissioned
— 40Ar%* beam accelerated to >20 MeV/u

= >80% of cryomodules installed
» Helium refrigeration system commissioned at 2K

{%’}u . DEPARTMENT OF _ Argonne National I;abmam:y isa o
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FRIB PRODUCTION FACILITIES
FRAGMENT SEPARATOR

» Three stage magnetic fragment separator
— High acceptance, high resolution to maximize science
— Provisions for isotope harvesting incorporated
in the design

» Challenges = [ Vﬁéconfigured
— High power densities === S L A
— High radiation == Vertical

~ | Preseparator |7
I-sli i : = = ‘ ’: % l
Multi-slice rotating graphite  Horcell iy / / /
target = 3 resepir_a or L. 7 |
= [ " X e W A:
: : — ]

e Water-filled
s, rotating beam dump
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FRIB PRODUCTION FACILITIES
FRAGMENT SEPARATOR

» High-power target module for rare
isotope production assembly complete
— Multi-slice rotating graphite disks

» High-power beam dump module

et T e

fabricated
— Water filled rotating drum to = ==
absorb up to 300 kW S — S

primary beam

» Radiation resistant super-
conducting quadrupole
magnets

— Installation of magnets in
fragment separator front-end
underway

A

e, JENE 2 - Al ]
e 8 ‘ Radiation resistant

‘Target'f*nodule—or; _Bean ) agnets in separator
cradle , 4 aSse by r vacupmh
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LEVERAGING FRIB CAPABILITIES

Isotope Harvesting for Broad Benefit

= Many rare isotopes are produced but
only one isotope delivered to single user

Primary User
+ Specific isotope with

— Often 1000 other isotopes are P bearit high purity
produced that could be harvested dump < Mass Slit Isotope Harvesting
and used for experiments or +* Afew specific isotopes

+ Potentially easier separation

applications

» FRIB has provisions for isotope
harvesting incorporated in the design
— NCU water-cooling and off-gas

system prepared for harvesting 400 kW Beam Dump Isotope Harvesting

i beam . Wi ;
upgrade primary Wide range of isotopes
pg + Challenging chemical separation

Fragment CatcherIsotope Harvesting
» Constrained range of isotopes
» Easier chemical separation

» 2015 Long Range Plan for the NP-DOE Isotope Program
recognizes FRIB importance and recommends investment in
infrastructure for isotope harvesting at FRIB

» Whitepaper on Isotope Harvesting:
— Isotope Harvesting at FRIB: Additional opportunities

for scientific discovery, E. Paige Abel et al 2019 J. Phys. G:
Nucl. Part. Phys. in press https://doi.org/10.1088/1361-6471/ab26cc

MEETING ISOTOPE NEEDS AND
CAPTURING OPPORTUNITIES
FOR THE FUTURE: %
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INSTRUMENTATION

§ , U.S. DEPARTMENT OF _ Argonne National Laboratory is a
i ENERGY U Deporment of neray lasoratory r r'] r] e
d managed by UChicago Argonne, LLC.

NATIONAL LABORATORY




ADVANCED INSTRUMENTATION FOR LOW
ENERGY NUCLEAR PHYSICS

» State-of-the art instrumentation is required to maximize science opportunities

with rare isotope beams
— Detectors
» High efficiency, high resolution
— Spectrometers
» Large acceptance, high rigidity
— lon and atom traps, laser facilities
» High-precision experiments
— Control systems and data acquisitions
= Unique challenges in cutting-edge facilities
— High beam rates / very low beam rates
— Radiation hard equipment
— Complex measurements with multiple systems

77 U.S. DEPARTMENT OF _ Argonne National Laboratory is a
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INSTRUMENTATION FOR LOW ENERGY
NUCLEAR PHYSICS: GRETINA AND GRETA

= GRETINA — highly segmented Ge detectors to
track and reconstruct gamma-rays is the first
phase of the larger . ..

» GRETA (Gamma Ray Energy Tracking Array)
will be the most advanced gamma-ray detector
array for nuclear science

— Will cover ~ 80% of the full solid angle, and
be key in the physics programs at ATLAS
and FRIB with fast and reaccelerated beams .

— GRETA will benefit from ngh ngldlty : , High Rigidity Spectrometer

Spectrometer (HRS) at FRIB o = ool i
* Design study funded by DOE-NP oy — Dipole T ——t—MoNALSA
underway

* HRS building addition underway at MS

http://greta.lbl.gov - B ] HRS Spectrometer mpo.es/

#7, Us. DEPARTMENT OF  Argonne National Laboratory is a
) ENERGY U.S. Department of EneAgy Iaburathy
s managed by UChicago Argonne,
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http://greta.lbl.gov

LOW ENERGY NP USER FACILITIES AND THE

SBIR/STTR PROGRAM

» SBIR/STTR program is important for the DOE Low Energy NP facilities
— Development of new techniques, instrumentation and supporting systems are
suitable SBIR/STTR projects
— New, higher power facilities are being built worldwide and existing facilities are
being upgraded

= Examples of possible areas for SBIR/STTR activities are
— High-rate, position sensitive particle tracking detectors and timing detectors for
high-energy heavy-ions
— Fast data acquisition electronics
— Target technology (high-power targets, thin targets, windows, strippers, ...)
— lon source technology
— Beam catcher/release systems
— Radiation hard precision magnetic field probes
— Radiation hard actuator systems
— Real time data visualization framework

— Other accelerator related developments
o ENERGY TSR Argonne &
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SUMMARY

» The US low energy nuclear physics community is strong with exciting
opportunities on the horizon

= DOE NP facilities are pushing the limits of technology to enable this science
— Existing low-energy rare isotope beam facilities in the US provide forefront
research opportunities today
— FRIB will be a world-leading rare isotope facility that will enable new
discoveries

= DOE NP SBIR/STTR program plays an important role in making the low energy
nuclear physics program successful and will be critical moving in the FRIB era
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THANK YOU
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