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The Manhattan Project facilities evolved
iIntfo the national laboratories

o Capitalize on the extraordinary
scientific and technical capabilities
assembled for the war effort

 Contfinue nuclear R&D
with a focus
on peaceful use

 Conduct unclassified
fundamental research
on a scale beyond the reach
of a single university or industry

August 1, 1946:
President Truman
signs the Atomic

Energy Act
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ORNL has a distinguished history of making
groundbreaking discoveries and meeting national needs

Development, Science and

production, engineering
and distribution of the nuclear
of radioisotopes fuel cycle
Ond STOble Reactor
iIsotopes technology
Materials
and fuels
Separations
chemistry
%QaKRIDGE

Developmen’r
of neutron
scattering,

neutron
activation
analysis, and
other innovative
research tools

Development
and application
of high-
performance
computing
resources
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Delivering ‘
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in physical
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sciences
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Accelerate

y . o« ey .
ORNL's major S&T initiatives Geployment
engagement
with universities
and industry
Advance Advance Accelerate
ORNL'’s understanding R&D and
science and of complexity in manufacturing
innovation biological and of integrated
culture Accelerate Advance \ \ gnvironmental energy
the discovery scientific basis systems systems
and design for break-
of new through nuclear
materials Scale technologies
for energy computing \ \ and systems Deliver S&T
and data to address
analytics to complex security
exascale and challenges
Advance Enhance
the science strategic
and impact capabilities

of neutrons in isotopes
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ORNL’s distinctive facilifies bring thousands
of R&D por’rners to Tennessee each year
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Building Technologies
Research and
Integration Center

Carbon Fiber
Technology Facility

Center for

Nanophase Materials

Sciences

High Flux Isotope
Reactor

Manufacturing
Demonstration Facility

Tra

National

nsportation
Research Center
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Oak Ridge Leadership
Computing Facility

Spallation Neutron
Source




Today, ORNL is a leading

sclence and energy laboratory

S

4,600
employees
$1.63B
FY18
expenditures
$750M
modernization
investment
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Nation's
largest
mafterials
research
portfolio

3,200

research
guests
annually

&

Nation's
most diverse
energy
portfolio

Forefront
scientific
computing
facilifies

journal articles
published
most infense
neufron Viereging
>ouree major DOE
projects:
US ITER,
exascale
World- computin
class P 9
research A
reactor
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258

invention
disclosures
in FY18

60

patents
issued
in FY18
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Exciting Physics

Super Heavy Elements

Neutrinos

Fundamental symmetries

Quantum computing

Isotopes




“Hot fusion” using ©¥Ca beams on actinide
targets: 6 super-heavy elements since 2000

ORNL actinides involved in all of these discoveries

Nihonium Flerovium Moscovium Livermorium Tennessine  Oganesson
(113) (114) (115) (116) (117) (118)

Year produced 2004 2000 2004 2005 2010 2006

243AM 244p 243A M 245248Cm 249Bk 249Cf
Target (decay from 115)
Beam “Ca “Ca “Ca “Ca 8Ca “8Ca
Nuclei
produced to 140 99 135 35 22 5

date

. >50 new isofopes 113 &

« >200 decay chains N h 11;? a . 1117 1118
T T e !
» Hot fusion increases SHE sihonium | 1V1 '@ Ve
production rates B0l Moscoviury | &/ Yuri
forZ =113 by one or more N | Tennessine ' :)gonuenssion
2012 orders of magnitude 2016 (234 Oganesson §
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The physics of SHE

Proton number
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New isotopes from element 117 decay chains show
consistent behavior across Z and N

125 :l T I L I L I LI I LI l—

. 212.0 LI 2) E
Closer approach to closed shell SusE % v 3
af N =184 resulfs in decreased a- Suof ¢ \ S
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Infernational collaboration was essential

What it took to produce a few atoms of Tennessine

HFIR/
REDC
reactor/
hot cell
complex
(ORNL)

3 g | Natural abundance enriched 500 times
of Ca-48 | at Sverdlovsk-45

o0 Produced by 250-day neutron irradiation
of BI<—24% in the world's highest thermal neutron flux
at ORNL's High Flux Isotope Reactor

Chemical
separation of Bk
from irradiated
targets

Impurities less than 2 ng (1 part in 107),
performed at ORNL's Radiochemical
Engineering Development Center

Preporg’?%rlg Specially produced at Dimitrovgrad

ol t rvive massive ion bombardment
g target foils ©survive

Target | 150 days continuous irradiation
iradiation | in the world’s most intense Ca-48 beam
with Ca-48 | at the Flerov Laboratory in Dubna

Flerov Laboratory (Dubna)
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Towards new atomic elements 119 and 120: joint experiments US-Russia and
US-Japan on super heavy elements and nuclel

There are several large scale investigations planned for years 2018-2022 involving
US, Russia and Japan laboratories and aiming in the discoveries of new super
heavy nuclei including isotopes of new elements 119 and 120.

The elements 119 and 120 will start a new row in the Periodic Table and allow us to
study the properties of atoms and nuclei affected by the strongest Coulomb fields.

The US-Russia experiments employing Z=22 >°Ti beams at the new SHE Factory
require Z=97 24Bk and Z=98 mixed-Cf targets to reach Z=119 and Z=120,
respectively.

The US-Japan experiments will use Z=96 8Cm targets and beams of Z=23 51V _
and Z=24 >Cr , respectively, to synthesize elements Z=119 and Z=120 at two new Tennessine
SHE-dedicated accelerator-separator facilities at RIKEN.

Both experiments employ heavy ions beams of high intensity requiring large target
area to dissipate heat , about ~ 20 mg (RIKEN) and ~ 30 mg (SHE Factory) of
respective actinide material deposited on target wheels rotating at high speed.
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Coherent neutrino scattering
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Coherent Neutrino Scattering
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Quenching of Gamow-Teller strength in nuclei
———

08 —0.77 _'

-
i
s
-
*
ot
-

p o
=

R(GT) Expt.
S
=

<
b

o e e
0'%.{) 0.2 0.4 0.6 0.8 1.0
R(GT) Theor.
G. Martinez-Pinedo et al, PRC 53, R2602 (1996)

Renormalizations of the Gamow-Teller operatore
Missing correlations in nuclear wave functions?
Model-space truncations?

% OAK RIDGE --> Perform ab initio computations (Coupled cluster theory)
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The guenching puzzle of B decays: '99Sn

Hinke et al, Nature (2012): ]
100Sn has strongest beta o
decay GT matrix element o

- Allowed Gamow-Teller 0.« 1

Allowed, not 0 0
B superaliowed Fermi 0 — 0 \\I_I_J

- 1.8/2.0 (EM)

- 2.0/2.0 (EM)
-2.2/2.0 (EM)

- 2.0/2.0 (PWA)
- 2.8/2.0 (EM)

- NN-N4LO 43N
- NN-N3LO+3N,,
- NNLO. 5t

T - Hinke et al.
= - Batist et al.
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P. Gysbers, G. Hagen, J. D. Holt, G. R. Jansen, T. D. Morris, P. Navrdafil, T. Papenbrock,
¥OAKRIDGE 5 Quaglioni, A. Schwenk, S. R. Stroberg & K. A. Wendt, Nature Physics (2019)




The quenching puzzle of g decays: light nuclel

0; 3H% s He%

’O 6Heo —)6 Lil
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” 0 oT only 7Be§ 7 Lis
’ ot + 2BC 2 2

’ o 10C’O _)10 B1

‘ O 14()0 _>14 Nl

T T I
095 1.00 1.06 1.10
ratio to experiment

In light nuclei, two-body currents slightly improve agreement with data

QAK RIDGE

- HUIIH.I ]..al.'lu'm.l.ur}'




The quenching puzzle of f decays: sd and pf shell

3 ’ this Work ”/” ",‘ ‘lgNe1/2 _)19 F1/2

[ shell model

‘«””,~25A15/2 —)25 Mg5/2
[| 37 37
I~ K3/2 — AI‘5/2
"’,-" [/ ;'_‘37K3 /2 = AI’3 /2
,.SOMgO 330 Al
/|| 26 26
| ||~ Nas == Mg,
/] ~2BAl; 28 Siy
’,~24Neo —>24 Na1
“_34P1 _)34 SO
/// 33 33
1/ /" PI/Q = 83/2
1/ _—*Naq -2 Mg,
T Mp, 34g,
3 r,—~4QSC7 _>42 Ca(;

¢ this work /
/ 42Ti 42 S
— 0 — C1
[ shell model
‘/- /‘/‘V; 45\/'7/2 _>45 Ti7/2

_______ q — 1
—— ¢=0.95(5)
—— g =0.80(1)

Improved dscription of sd
shell and pf shell nuclei.

Experiment
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Neutrinoless double beta decay

1Ca YZrTx;ld}
cdt
1 - Se {
Mo
l } Te
G
l Xe
= 107" KamLAND-Zen (“Xe) l
£ ]
107 3
' F
NH I
atomospheric:
2.4x107 ev? 10-3 e 3
a[nln()sphcric: : | 1A | lllllll | cod | llll]ll | Y | Illllll 1 1 llllllcl I 1111 ' Li i l
24x10% V2 0% 10° 107% 10" 50 100 150
Y — Myiopeest (€V) A
-, m ., -, A. Gando et al., PRL 117, 082503 (2016)

¥ OAKRI. ... ; i

- hﬂ! iul:lil.l |.-?|lmml.ur}'




Majorana Demonstrator
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I ¥OAKRIDGE  Fjrst neutrinoless double beta (Ovpp) decay results from MJD

Scientific achievement Significance and impact Research details

- Analysis of first Majorana « Results are consistent with  Operating since 2016
Demonstrator (MJD) data MJD goal of achieving in Sanford Underground
(taken during construction, background of 2.5 Research Facility, MJD
commissioning, and start of counts/(FWHM t year), is searching for Ovpp decay
full operations) yields which would justify a large in 7Ge using 29.7 kg
a lower limit on the half-life OvBB experiment using 7°Ge of detectors made
of 1.9 x 1025 year (90% CL) from germanium enriched

- This result constrains D 575 [ 11 ST DE

the effective Majorana
neutrino mass to <250 meV
to 550 meV, depending on
the matrix elements used

- C.E. Adlseth et al. (Majorana

=
o
N

c 03 MJD spectrum
£ 02 above 100 keV aofter
© 01 all cuts, from data

Counts/(5 keV kg yr)

=
o

E 0.05 . .
Collaboration), Phys. Rev. Lett. 120, i 0™5000 2100 ~ 2200 2300 sets with higher
132502 (2018) | Energy (keV) expected
—— DSO and DS5a backgrounds
! —— DS1-45b (black) compared

to data sefs with
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Future Sensitivity: LEGEND A

Next Generation 7Ge: LEGEND — Large Enriched Germanium
Experiment for Neutrinoless 33 Decay (52 Institutions, ~250 Members)

Ge (87% enr.)

10
10% =
§— s
516 E i
? & R & g =y
; 107 = . ' ..................
s £ T First Stage:
% T _ - (up to) 200 kg 76Ge in upgrade of
91026 = iy existing infrastructure at LNGS
- . — Background free
> - --01countsFwHmty | - DG goal 0.6 cts/(FWHM tyr)
107 = —m 10comyPWHMiy | - Datastart ~2021
= weenees 40 cOUNtS/FWHM--y - Will use existing MAJORANA &
1024 & vl bl L Lol GERDA detectors (65 kg)’ plUS ncw
107 102 . . 107 1 10 102 102 detectors (135 kg)
sy Exposure [ton-years] o Subsequent Stages:
“\O\:“ %Q(\‘b Q/Q‘ ,\*\ O 0,‘\
S a® S V\O"L?L"\ & - 1000 kg 78Ge (staged)
L R O B \F - BG goal: 0.1 cts/(FWHM t yr)
o o S
QF ¢ & - Location: TBD
V. E. Guiseppe Neutrino 2018 - Heidelberg - 6 June 2018 17
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A brief guantum walk...

Vocuum ’rube computer

a

Quantum computer to
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Quantum computing and its algorithms

®  =on |Y)=al0)+b|1)
af +[o[ =1
® 0 = off
Classical: ‘ Must prepare
Definite state Quantum: State superposition and probe with external fields
Structured Data uUnskruckured Daea

EEEEEEN M~ |
Z‘Hg7%3 EEEEEEN

EEEEEEN

EEEEEEN

Shor's . . . Quantum many-body

algorithm Grover's algorithm (or inversion) simulation: Feynman, Lloyd

~15 algorithms exist; others can be expected as QC develops
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Quantum computing in the cloud

S,

=

E from exact diagonalization

N| Ex [0(e#H)]O(kLe ™) [O(e™ )
21—1.749 |—2.39 [—2.19
31-2.046 |—2.33 [—2.20 =1
FE from quantum computing
Alfmetric N| Enx |O(e*")|O(kLe """ )|O(e”"*"*)| E.F. Dumitrescu et al.,
2 [—1.74(3)[—2.38(4) [—2.18(3) PRL 120, 21501 (2018)
HRNRICE 3-2.08(3)|—2.35(2) |—-2.21(3) |—2.28(3)



https://aps.altmetric.com/details/31574667#score

iction and Distribution of Radiolsotopes

WY
Ouak Rul\w National Labovatory

“If at some time a heavenly angel should ask
what the Laboratory in the hills of East Tennessee
did fo enlarge man’s life and make it better,
| daresay the production of radioisotopes
for scientific research and medical treatment
will surely rate as a candidate for first place.”

Alvin Weinberg, ORNL Director (1955-1973)
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Hadronic Weak Interaction (npdy and n3He)

Adapted from Haxton and Holstein, Prog. Nucl. Part. Phys., 71 185 (2013)

SR U LA N R —
First Observation of P-odd vy Asymmetry in <k ‘ AV
Polarized Neutron Capture on Hydrogen A IS

D. Blyth et al. (NPDGamma Collaboration) 25 Ep |

Phys. Rev. Lett. 121, 242002 — Published 13 December 2018
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Measurement of a parity-odd asymmetry in the
photons emitted from the capture of polarized
neutrons on protons provided a first measurement
of a weak-interaction ferm in the nucleon- . I :

nucleon po’ren’riol. T 0 2 4 6 8 10 12 14

-(h,” +0.7h.)

h,-0.12h, -0.18 h,'
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The Nab Experiment

Tension in “unitarity test” of quark mixing in
the weak interaction between theory
predictions and nuclear beta decay
experiments

2020
0.978 210 &
L
0.976 >
B 2000 5
> E
0.974 S
1990 &
= |
0.972 =¥

—1980

0.97 b=t - N e e
213 -129 -128 -127 -126 -125 -1.24

A

Neutron lifetime and decay correlations (A)
measurements can reveal source of
discrepancy

Nab will extract A with superior precision
using completely independent approach,
¥OWARImgs search for exofic scalar and fensor

e rGEL

~lirrantc

The Nab spectrometer, now
installed at FNPB, will study

kinematics of neutron decay
particles: protons

Excellent
agreement
demonstrated in
magnetic field

Precision
magnetic
mapping
..campaign nearly . . ‘,
Lompletfe Calculate | State of the art silicon
35| : d | detectors de’rec’r both
3 I ; elec’rrons,' nc
£25 Measured | "
3 2 s
1.5 | ;
1 ."\"\/- f
0.5 / i
0666 100 200 300 400 500

z [cm]

Acceptance testing
underway: excellent
performance so farl



Is The Neutron Rounde

A
10 7 m B ORNL, Harvard
c 1020 - ® WMIT, BNL
S e A IND|
L ‘ sex, RAL, ILL
€ 10%2- te 2
- [ | S
g 10% 7 I o aker et al.,
g 102 - Rev. Lett. 97, 131801 (2006)
a
ué 105 -e ; h A 4 v
g 10—26 A
g 10-27
1 *
10—28 >

1950 1960 1970 1980 1990 2000 2010

Current best limit: |pg| <3 x 102 e-cm
Our goal: |ug| <2x 102 e-:cm
SM prediction: ~ 1032 e-cm (clean signature for new physics)
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We have established a major Laboratory initiative
In iIsotfope R&D and production

Recent achievements

* Lead the nation
in isotope R&D, reactor-
based production
of radioisotopes,
and enrichment
of stable isotopes

;g,OAK RIDGE

- Mational Laboravory

» Take advantage
of expertise and unique
capabilities to advance
isotope science
and deliver radioisotopes
and stable isotopes

» Ensure continuing
availability of isotopes
to meet national needs

« Production of 252Cf
and other radioisotopes
for industry and research,
including superheavy
element (SHE) discovery

* Development
and production
of medical isotopes

» Production of 238py
for space power
applications

» Production of a variety
of stable isotopes, using
both electromagnetic
separation and gas
centrifuge technologies,
at a new Stable Isotope
Production Facility

Production of 7¢Ru
for RHIC experiments

Development of 133Ba
production capability

Chemical separation
of high-purity 22?Th
from 2331

Modified Building 4501
hot cells to support
accelerator-based
production of 22°Ac

Delivering 22’Ac
to Bayer

Supporting international
SHE discovery efforts
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ORNL is now producing
actinium-227 for Bayer

Recovery and purification of radium-226
from legacy medical devices

Irradiation of radium-226 feedstock
in HFIR to produce actinium-227

Chemical separation and purification
of actinium-227

Packaging and shipment 1o Bayer
for extraction of radium-223
for cancer therapy
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National Laboratory

Scientific motivation Our contribution

I ¥OAKRIDGE  First systained US production of enriched stable isotopes since 1983

« Beam Energy Scan program at the * The electromagnetic
Relaftivistic Heavy lon Collider (RHIC) isotope separator
identified a need for 7Ru to explore the (EMIS) at ORNL's
chiral magnetic effect Enriched Stable
in quark-gluon matter Isotope Prototype

—  Amount of °Ru remaining in DOE Plant was U%?d
Stable Isotope inventory (~131 mg) to produce "°Ruy,
was not sufficient to meet requirements enabling the
shipment of 500 mg of
this rare stable
- — isotope to
Weaker B Stronger B Brookhaven National
Laboratory
¢ | " Extra
; \ Proton
K =;§_
;RUQG

Image: Brookhaven National Laboratory
36



Discussion
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