FRIB Updates on Center-Level Funding, Pa-229,
and Radioactive Molecules in Solids
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Main Take Home Message: Let’s Work Together!

Exhortation: The appearance of inefficiently duplicating efforts at multiple facilities
runs some risk under the present funding context.

FRIB is eager to proactively support the needs of the FS community in places where it
may be able to play a unique role:

1.

2.
3.

4.
5.

6.

Offline access to some interesting isotopes (2°Ra, 22°Pa, others?) by direct production via the
Isotope Harvesting program.

General collaborative support for radiochemistry for anyone anywhere

People (searching for an FS staff scientist now- see QR Code), space, and capital equipment for FS
experiments physically hosted at FRIB

Plans for a general-purpose beamline that utilizes harvested isotopes (US NSF MRI)
Administrative /logistical / organizational support for Center-level effort to help provide a “home-
base” within the US context

DOE Office of Science has requested a FRIB Director’s Review.

FRIB PlIs: Jaideep Taggart Singh (Spinlab), Xing Wu (QUEST)
Shane Wilkins (starting July 1)

Atomic ?Ra EDM in a laser trap

Polar molecules trapped in noble gas solids (EDM-cubed)
229Pa nuclear structure measurements

229Pa ions implanted in optical crystals/diamonds
Centrifuge slowing of cold atoms and molecules

Optical cycling properties of interesting molecules

Cold sources for radioactive molecules e
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Electric Dipole Moment (EDM):
Measures the Separation of Charges

—

4= Jpcharge (F_ ECM) dr = (PchargeT ) — QECM

d

Pcharge = charge distribution

7" = position vector

Rcy = center of mass

“Thunder Cloud as Generator #2" (1971) by Paterson Ewen [Art Gallery of Ontario] Q = net charge
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2023 EDM Limits:
“Free” of Standard Model (SM) “Backgrounds”

Chupp, Fierlinger, Ramsey-Musolf, JTS RMP 91:015001 (2019) & Nature 562:355 (2018)
& PRL 124:081803 (2020) & PRL 129:231801 (2022) & Science 381:46 (2023)

Best Limit (95%) SM estimate

1E-28 e cm 1E-28 ¢ cm Method (Location)

System

Neutron 220 ~104 ultracold neutrons in a bottle (PSI)

0.11 cold ThO beam
“Electron” ~107 (JHU /UC /Harvard /Northwestern)
0.05 trapped HfF* (JILA /Boulder)

19H g 0.074 ~100 atoms in vapor cell (UW-Seattle)

Imagine a 1”Hg atom that is composed of two
oppositely charged hemispherical shells each with
charge magnitude e...

..if the ”’Hg atom was the size of the Earth, then
the maximum thickness of these shells would be

less than the diameter of a strand of human hair. Physics Today, June 2003
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Different Sources of F in EDMs of Different Systems

; Light Ion Storage Rings
([ effective” short range \\ neutron: 2.2x102¢ ¢ cm (95%, 2020)

nucleon EDM y ILL-PNPI

— : ~| /| JPARC PSI
soscalar L
Z / LANL SNS

nucleon—n}lcleon PanEDM TUCAN
coupling

19Hg: 0.74x102° e cm (95%, 2016)

isovector 129%e (ASU/UM/LANL)
nucleon-nucleon —1 171Yh (USTC)

\ coupling / 225Ra (ANL/MSU)

nuclear spin-dependent | 205T1F: 6.5x10 e cm (95%, 1991)

electron-nucleus coupling TIF (JHU/ANL/Yale/Columbia/UMass)
& i ThO: 1.1x10%° e cm (95%), 2018)

/ . ~ ; HfF*: 0.5x10%° ¢ cm (95%, 2023)
nuclear spin-independent i YUF (Imperial College)

electron-nucleus coupling / BaF (VSI/VUA ; York/Toronto)

: Cs (Penn St., LAC/CNRS)

RMP 91 | | Fr (CYRIC ; TRIUMF)

?;5022; lepton EDM Muon Storage Ring
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Different Sources of F in EDMs of Different Systems

“effective” short rangh
nucleon EDM

isoscalar
nucleon-nucleon
coupling

isovector
nucleon-nucleon
coupling

nuclear spin-dependent

e\&ectron-nucleus coupling

related talk by
Skyler Degenkolb

Q
e
-Hr—d
O U
C O
o O
=
A
5 &
.CTDFG
>, S
= 8
alNENgp'

RMP 91
015001
(2019)

related talks by
Anastasio Fratangelo
Bernhard Lauss

Kent Leung

Tim Chupp

Sean Vanbergen

199Hg: 0.74x10-%° e cm (95%, 2016)
129Xe (ASU/UM/LANL)
71yp (USTC)
225Ra (ANL/MSU)

205TTF: 6.5x1023 ¢ cm (95%, 1991)
TIF (JHU/ANL/Yale/Columbia/UMass)
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Diamagnetic Atoms: All Electrons Are Paired

Neutral Atom

nucleus

electron cloud
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Schiff Shielding in Diamagnetic Atoms

Shielding in Diamagnetic Atoms
Schiff PR 132:2194 (1963)

Neutral Atom

nucleus

electron cloud

E; ind. T E lab
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Shielding Imperfect in Relativistic Atoms
With Nonzero Nuclear Size

* Shielding in Diamagnetic Atoms

Schiff PR 132:2194 (1963) Madame

+  Relativistic atoms: The Sandars-Bouchiat Z3 “Law” _ Frofessor

Physics Letters 22:290 (1966) & Physics Letters 48B:111 (1974) Marie-Anne
Bouchiat

e 2Ra vs YHg vs. *He: 2.8 to 1 to 10 M.A. Bouchiat

JPB:AMOP 53:195004 (2020) & Phys. Rev. A 106, 022817 (2022) photo: Zolotrev

Neutral Atom E lab

nucleus

electron cloud E_’ E
ind. T lab
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Residual P & ¥ Observable: Nuclear Schiff Moment

* Shielding in Diamagnetic Atoms datom = Katom / 3 S
Schiff PR 132:2194 (1963) Schiff M ¢
chiff Momen

* Relativistic atoms: The Sandars-Bouchiat Z* “Law” _  (er?7) (r?)(eF)
Physics Letters 22:290 (1966) & Physics Letters 48B:111 (1974) T 6

Zh. Eksp. Teor. Fiz. 87, 1521-1540 (1984)

e 2Ra vs YHg vs. *He: 2.8 to 1 to 10
JPB:AMOP 53:195004 (2020) & Phys. Rev. A 106, 022817 (2022)

Neutral Atom E lab

nucleus

electron cloud E_’ E
ind. T lab
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2016: Atomic EDM of 19°Hg (Stable) In A Vapor Cell
The Gold Standard For Over 40 Years!

* diamagnetic, !S; ground state
* I =%, no elect. quad. moment
* high Z, (80) rel. atomic struct.
e stable, (17% n.a.) 92% enriched
: * high vapor pressure, (10'3/cm?)
* modest electric field, 10 kV/cm
SES0 e * 40+ year old experiment!

1NN N
K
LL- Limiting systematic appears to be
~10 nm scale motion of vapor
cells when HV is switched in the
presence of 2"d order B-field

Vessel Electrode gradients.

y — 8.3 Hy The best limit on atomic EDM:

7 2 e- o _.L.
Av < 0.1 nHz EDM(*Hg) < 0.74x10"%° e-cm (95% C.L.)

Graner et al., PRL 116:161601 (2016)
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P & F Physics: First Order Perturbation Theory

B (er?z)  (r?) (ez)
R T R

S = (V| S, [To) =
k0

(Wol S2 Vi) (Pk| Ver |Po)
Eo — B,

The P and F physics that
we seek (unknown &
common to all isotopes)
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Isotopes With Nearly Degenerate Nuclear States

B <e"r'2z> <7“2> (ez)

10 6
(Wo| 52 |Wo) = ),

k#0

(Wol S2 Vi) (Pk| Ver |Po)
Eo — Ej

Difference in lab-frame
nuclear energy levels

The P and F physics that
we seek (unknown &
common to all isotopes)
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Nuclear Schiff Moment in the Lab Frame

B <e7“2z> <’r'2> (ez)

10 6
(o| S: [Wo) = )

k#0

(Yol S= |¥x) (Vi| Ver Vo)
Eq — Ej

Body-frame Schiff
moment — large when
there are intrinsic
nuclear deformations

Difference in lab-frame

nuclear energy levels Example of large

intrinsic Schiff moment:
Pear-shaped nucleus in the
“body-frame”

The P and F physics that
we seek (unknown &
common to all isotopes)

2025-05-12 Caltech/TDLI - FRIB/MSU/JTS




Pear-Shaped Nuclei = Nearly Degenerate Parity Doublets

g — (er?z) B (r?) (ez)

10 6
Wol Sy W) (V| Ve |V
Sz(\IJO|SZ|\I!0>=Z< ol 5z [Wi) (Wi Vr [Wo)
k0 Eo — L
Parity Doublet * Nearly degenerate parity doublet

Haxton & Henley PRL 51:1937 (1983)

— W) =

2025-05-12 Caltech/TDLI - FRIB/MSU/JTS




Pear-Shaped Nuclei = Enhanced Intrinsic Schiff Moments

g — (er?z) B (r?) (ez)

10 6
Wol Sy W) (V| Ve |V
Sz(\IJO|SZ|\I!0>=Z< ol 5z [Wi) (Wi Vr [Wo)
k0 Eo — L
Parity Doublet * Nearly degenerate parity doublet

Haxton & Henley PRL 51:1937 (1983)

Large intrinsic Schiff moment due to octupole deformation

Averbach, Flambaum, & Spevak PRL 76:4316 (1996)

— [Wy) =
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Example: Enhanced Sensitivity in Radium-225

g — <e7“2z> B <7°2> (ez)

10 6
Wol Sy W) (V| Ve |V
Sz(\IJO|SZ|\I!0>=Z< ol 5z [Wi) (Wi Vr [Wo)
k0 Eo — L
Parity Doublet * Nearly degenerate parity doublet

Haxton & Henley PRL 51:1937 (1983)

* Large intrinsic Schiff moment due to octupole deformation

Averbach, Flambaum, & Spevak PRL 76:4316 (1996)

Total Enhancement Factor: EDM (*?°Ra) / EDM (*°Hg)

Skyrme Model | Isoscalar Isovector
SIII 300 4000
SkM* 300 2000
SLy4 700 9000

225Ra: Dobaczewski & Engel PRL 94:232502 (2005)
199H g Ban et al. PRC 82:015501 (2010)
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Nuclear Structure Calculations Are Challenging!

type 199Hg
SIII 0.005

SkM* -0.027
SLy4 -0.006
SkO’

DEO05 0.071

DS03 0.055

“Best”

+/-(0.02)

225R a

7.0
21.5
16.9

6.0

6.0

ratio*2.8

4300

-2400

-8600

+/-(900)?

references

PRC 82 015501 (2010)
PRC 82 015501 (2010)

PRC 82 015501 (2010)

PRC 72 045503 (2005)
PAN 66 1940 (2003)

Prog. PNP 71 21 (2013)

* [sovector coupling is given by “chromo”-EDMs

related talk by
Jon Engel

* Nuclei are the most sensitive to this source of new physics
 Opportunity for 22°Ra or other octupole deformed species

2025-05-12
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Calibrating the Intrinsic Schiff Moment
(Wo| Sz [Wk) (Wk| Vor [Yo)

+ c.c.

S = (%ol S:[¥o) = )

oy
o

H
o

PRL 121, 232501 (2018)
Phys. Rev. , 102:024311 (2020)

N
o

Intrinsic S, (e fm3)

: 0. related talk by
06 08 10 12 14 06 08 1.0 : Jon Engel
Intrinsic Qg (1000 e fm3)

-d
o

O
Jolelelelelele}

Nuclear structure 1001
measurements combined with
nuclear theory can calibrate the
new physics sensitivity of
“enhancer” isotopes with
uncertainty quantification!

o
2

o
@

—— known nuclei
drip lines
= stable nuclei

Proton number

A
g

40 60 0 120 140 160 180 200
Neutron number
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Ongoing: The Atomic EDM of ?°Ra at Argonne

| d(??°Ra) | < 50x1023 e-cm (95%)

PRL 114:233002 (2015)
| d(??25°Ra) | < 1.4x1023 e-cm (95%)

equivalent to ~1000xEDM(***Hg)

PRC 94:025501 (2016)

Upgrades underway to improve
sensitivity by x1000

blue: polarization and
readout laser
(infra)red: optical trap
laser

|

Spectrochimica Acta Part B 172 105967 (2020)

226Ra

nuclear spin =0

EDM search using atoms held in Optical Lattice

Romalis & Fortson PRA 59:4547 (1999)
Chin et al. PRA 63:033401 (2001)
Bishof et al. PRC 94:025501 (2016)

e Atoms concentrated in a very small region

e Long coherence time (100 s) PRL129, 083001 (2022)

* negligible “v x E” systematics

e High electric field (>300 kV/cm) in vacuum NIMA 1014 165738 (2021)

e Light-induced systematic effects can be controlled!

t;/» = 1600 years

Low vapor pressure

225Ra

Nuclear Spin = %2

t1/2 =15 days
Low vapor pressure
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Status: Three Key Upgrades Being Developed Now

Beam Focusing
(Transverse Cooling) High Voltage

Electrodes

Beam Slowing

(Zeeman Slower) > /'*‘\\

[ 4=\l g

Nk .

: Magnetic

Shielding
+

Magnet Coils

related talk by 5 ‘ Pump/Probe Beam

Tian Xia (Optical Pumping &

Shadow Imaging)

Atom Transport | Optical Trap

("Bus” ODT) , ("Holding” ODT)
Atom Collection

(MOT)
PRC 94:025501 Gordon Arrowsmith-Kron (PhD defended):
|d(Ra-225)| <1.4x102 e cm (95%) 1. atom slowing/trapping efficiency
completely statistics limited 2. more exact reversal of higher E-field
several upgrades underway 3. more efficient detection scheme
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Proton (Z) #

Source of Radium-225 Atoms (t,,, = 15 days)

now: ﬂ
ORNL 2
e/ B

.

/

Beam Focusing

(Transverse Cooling)

; — —  High Voltage
Radium B E Electrodes
Beam Slowing
(Zeeman Slower) e,
03 v N Jad 2 ". ’
N s 7 Magnetic
¢ W " S Shielding
7 B +
2ogBi By ® > Magnet Coils
X Z R

Pump/Probe Beam
(Optical Pumping &

Shadow Imaging)
Atom Transport Optical Trap

("Bus” ODT) o ("Holding” ODT)
Atom Collection
(MOT)

| | | |
126 132 134 136

Neutron (N) #
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Seurce-of Radium-225-Atems<(z, ,-=15-days)

Game Changer: now: ﬂ
Target Alpha Therapy ?*Ac ORNL "

B c NIDC / .
A ‘e 3 229 232
b 1. “ Th Th
» u - -
A o . Ca -
®’ 8 1. Therapy e B 2. Therapy Y
2 - - '. 225A¢c-DOTATOC P | ©  225Ac-DOTATOC e’ .

221 Fr

Proton (Z) #

Beam Focusing

(Transverse Cooling) — —  High Voltage

Electrodes
Beam Slowing

(Zeeman Slower)

I ’-7,‘\ N -
NG AW s 7 Magnetic
K W " S Shielding
{ & # M ’ Coil
2 - & agnet olls
°9Bj e

Pump/Probe Beam
(Optical Pumping &
Shadow Imaging)
Optical Trap
("Holding” ODT)

Atom Transport
("Bus” ODT)
Atom Collection
(MOT)

| | | |
126 132 134 136

Neutron (N) #
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3t
—
N
c
o
A 4
o
'
a

Source of Radium-225 Atoms (1, = 15 days)

Game Changer:
Target Alpha Therapy ?*Ac

A B

c
EAT v

. .
N - g
e ‘?. 1. Therapy e R o
, AN :" ) 225A¢c-DOTATOC {

© 225A¢c-DOTATOC
—_— —

2. Therapy

Current Radiopharmaceuticals 11:200-208 (20]8)

NOW:
ORNL
NIDC

future:
MSU

.

221 Fr

High Voltage
Electrodes

Pump/Probe Beam
(Optical Pumping &
Shadow Imaging)

B/
) driATa) - vy
- N7/,
" Optical Trap
. ("Holding” ODT)
Atom Collection
(MQOT)

126 132

134 136

Neutron (N) #

2025-05-12
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Facility for Rare Isotope Beams @ MSU

Michigan State University University of Michigan

East Lansing, M1 Ann Arbor, MI

Very Bad at American Football Very Good at American Football
Home of FRIB no FRIB

v
[
o
=
=
o
J
S
-
D
=2
=
=
o
(Vo]
o
=
=
)
=
o
o
(29
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“Isotope Harvesting” at
The Facility for Rare Isotope Beams (MSU/East Lansing)

>90% of primary
beam is unused <&

=51 Flowing Water .o This is funded
T Target C radionuclidesof and on its way!

interest

Isotope Harvesting

Water System

Foil Target === Primary beam
I Mixed primary and secondary beams

Secondary beams NIMB 478 34 (2020)

Isotope harvesting at FRIB: additional opportunities for
scientific discovery [J. Phys. G: Nucl. Part. Phys. 46 100501 (2019)]

Adobe Stock

Beam Focusing

This needs Support and We Radium (Transverse Cooling) B»E—» High Voltage

Electrodes
Oven Beam Slowing

- should work together: o/ i

’ Magnetic
Shielding

/ . i ”.,‘(‘.: 2 S »
, 225RaF/225RaO = :\ 2R ’ ’4;'1’ > Magn; Coils
\ 227ThO S D

Shadow Imaging)

Atom Transport Optical Trap
("Bus” ODT) . ("Holding” ODT)
Atom Collection
- (MOT)
—t

Adobe Stock
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The Radiochemistry Team at FRIB/MSU

Prof. Greg Severin Prof. Alyssa Gaiser Prof. Katharina Domnanich
120

m Estimated Possible

= New from FRIB Collection on Cation Elution from Evaporation
m Known Isotopes Exchange ResinBed  Collection Resin Bed and RCCOVEI'y of 92%

Redissolution
HNO, to 99%

47Cq2+
Water-filled \ I
Target 42,43,44,45+ Of 47ca
Cation 27,28\ g2 O o °
-]
o

“Collection” PZINP . ° (Surrogate fOI‘
Resin

44m,46,47,48G-  Cation mixture Radium)

(o2}
o

Number of Isotopes
N
o

N
o

Water system

o

0 10 20 30 40 50 60 70 80 90

Atomic Number Abel et al., ACS Omega 5(43) 27864 (2020)
Nature 486, 509-512 (2012)
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Isotope Harvesting Vault has been installed!

A4

Flowing Water

Collect
Target
g / radionuclides of|

interest

Isotope Harvesting
Water System

== Primary beam
Mixed primary and secondary beams

S - C. Vyas
NIMB 478 34 (2020)
>

<
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New Laboratory: Trapped Radioactive Molecules
Containing Heavy Pear-Shaped Nuclei

N

Lab: 0.1 = Int: 100 XY
cm cm

Solids: 3 Mv
cm

Orders \
of Magnitude
Enhancement

€ in 1%t Generation

related talks by
Ronald Garcia Ruiz
Kia Boon Ng

-

229
~_La

a Additional Enhancements

Andrew Jayich
Nick Hutzler

Xing Wu
MSU 2023

2025-05-12
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Connecting New Physics to EDMs

T.E. Chupp, P. Fierlinger, M. Ramsey-Musolf, JTS, RMP 91:015001

Sources of CP-violation
Fundamental theory

Particle Physics Theory

' z Effective Field Theor
Wilson coefficients Cois Corii8), Copr @ dy ective Field Theory

888> 4999

Lattice QCD Theory

Y
Low energy parameters fe ) gl (gnz),

Nuclear Theory

‘eepeeeeore : +

Nuclear Experiment

/ .
Nucleus level Atomic Theory
+

Atomic Experiment

Molecular Theory

Molecular Experiment
Radiochemistry

2025-05-12 Caltech /TDLI - FRIB/MSU/JTS .. EDMs 30




The Nuclear Pear Factory: A Proposed Center

Nature 497:199 (2013)

22%RaF 24
Tp=114d, " oa 25RaF
=220, ,=149d  2%RaF o
Typ=1600y aF _
Typ=57y

Nature 581:396 (2020)

2025-05-12

A joint Experiment/Theory & AMO/Nuclear/Radiochemistry
effort to calibrate the new physics sensitivity of pear-shaped
nuclei and to carry out the requisite precursory work leading to
ultrasensitive EDM searches.

>90% of primary
beam is unused I <

Flowing Water
Collect

T Target C radionuclides of
g

interest

Isotope Harvesting
Water System

Foil Target === Primary beam
I Mixed primary and secondary beams

Secondary beams

NIMB 478 34 (2020)

hitps://physics.aps.org/articles/v14/103 & A.M. Jayich
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https://physics.aps.org/articles/v14/103

A Center (US NSF Physics Frontiers Center) Is An Ideal Mechanism
For Carrying Out This Highly Interdisciplinary Long-Term Effort

Molecular spectroscopy

— e THE UNI ITY OF

& omsHorns | i : TEEE | S e
y

Relativistic quantum chemistry Atomic/molecular structure

LTl OF UNIVERSITY OF
/ proningen TEMPLE ‘ @'ﬁ'ﬂ%‘ﬁg & LIVERPOOL

groningen

Molecular production

Nuclear structure

c: Faciljty for Ra_re _Isotope Beams

BSM Phenomenology

Bea m fa Ci I ities H University of Jyvaskyla
|

4 :
I Particle Theory
» Radiochemistry

2 TRIUMF e aco
Physical chemistry

t Qls
‘ g U
Laser cooling/trapping Quantum control

Smith College J

Sensitive Detection 1
[Team is extremely well qualified] T UNIVERSITY OF o

- All Eight Reviewers O CHICAGO
2025-05-12 Caltech/ TDLI - FRIB/MSU/JTS
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The Nuclear Pear Factory: Some History & Plans

The 2023 US NSF PFC Competition: Email me if you want to join us...
2022-05-02: US NSF PFC Solicitation Posted
2022-08-01: Preproposal submitted
2022-11-10: Invitation to submit Full Proposal . .
2023-01-27: Full Proposal submitted singhj@frib.msu.edu
2023-03-31: Invitation to present at Reverse Site Visit @ NSF (Final Round)
2023-05-03 & 2023-05-04: NPF Team in DC for Reverse Site Visit @ NSF
2023-05-22: Unofficial notice that NPF was not selected

(4 of ~10! were funded: 3 renewals and 1 new PFC)
2023-08-18: Official notice that full NPF proposal was declined

especially if you are a Theorist...
especially if you do Nuclear/Lattice!

The 2026 US NSF PFC Competition?

2024-12-20: Very positive conversation with NSF PFC program manager: solicitation
written, requires internal approval, intended to be posted in May 2025, strongly
encouraged to submit a stronger NPF proposal...

2025-05-12: No solicitation on NSF website...

2025-06-05: Presentation to MSU Research Foundation Board for Internal Center
Development Funds ($240k total for two years — lots of funds available for workshops...)

2025-07-01: Internal MSU Center Development Funds become available if funded...
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229Pa *May* Be Unusually Sensitive!

Choose an isotope
w1th large deformations

m\yk (V| W)
S = (Wy| S. [Wo) = Z%@.\ 0 4 e
k#0 Unknown

Pa-229: Haxton & Henley PRL 51:1937 (1983)
|. Ahmad et al Phys. Rev. € 92:024313 (2015)
Dobaczewski et al PRL 121, 232501 (20]8)

AL eV

Hg-199 1800 stable

Rn-223 ~10%? 103 102
Ra-225 55 10° 103
Pa-229  (0.06 +/- 0.05)? 10° 106

Parity Doublet

FRIB will make lots of Pa-229!
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Ground State Parity Doublet Energy Splitting
The Muddled Picture for 22°Pa (1980-2015)

1980: Theoretical prediction: 100 eV

PLB 96(1-2):7-10

1982: Experimental claim from ANL: 220(50) eV
PRL 49:1758-61

1988: Theoretical calculation: 400 eV

PRC 37:2744-78

1991: No ground state parity doublet found in German experiment!

PRC 44:R1728-31

1993: No evidence for octupole deformation from German experiment!

PPNP 28:429-34

1994: Weak octupole collectivity now claimed by German experiments!

NPA 576:267-307

2015: Full reanalysis of 1982 ANL experiment + incorporation of data from
German experiments: Original claim of 220 eV conversion electrons is gone.

If there is a ground state parity doublet, then it must be 60(50) eV.
PRC 92:024313 (2015)
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Two Complementary Paths
To Search For a Low-Lying Nuclear State in 22°Pa

L+5/2
electrons L 2m, 2
22977 ron ~ I{SChiffO/lZg ( ) ( Me® ) ~ 10° to 1018

\ gammas L+1 AFE
5/2

low energy gamma l conversion electron
or

* low signal rate * high signal rate
* low background * high background

5/2+

I TN TN

A 229 229
Z 90 91
E* = 8.35574(3) eV
A = 148.3821(4) nm N 139 138
229Th AE 8.36 eV (60 +/-50) eV?

5/2* 5/2*
3/2* 5/2

229mTh

hitps://physics.aps.org/articles/v17 /71
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Awarded Today @ 09:56! Direct Gamma Detection (40-80 eV)
w/ LLNL: Stephan Friedrich & Marie-Anne Descalle

: Ellipsoid Mirror
EUV Optic E p

y-ray STJ First Focal Mirror Surface

Length
Detector engt
229U

(at FRIB)
—_—

f

Hole 1

diameter

N

[ e

\'ERERY/EN
———— e,

|
. \ |
or I = YT i
X-rays s |
(at LLNL)

Second Focal Length ——————

https://www.meetoptics.com/academy/ellipsoidal-mirrors#what-are-ellipsoidal-mirrors

50

171A Mo/Si

1N
o

Measured

w
o

Reflectivity [%]
S

[y
o

82
Photon Energy [eV]
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Spinlab Pending: The 22°Th Measurement Technique:
Integrated Conversion Electron Spectroscopy

T Gharged nraization \ - Nature, 573 (7773):243-246 (2019)

. particles

measurement

«— Internal conversion

electrons a

350 + Data

Electron spectrometer L — Fit
Bending 300 Ed .
e

electrode 250 }

Neutral 200

atoms

150

Focusing m i

electrodes Graphene : ~~—Permanent SHIEHB Electric r
magnet retarding-field unit I L .

Buffer-gas stopping cell 0 —05 1.0 —15 2.0 —25 -3.0

MCP detector |

Number of counts

; Retarding voltage
lon extraction Magnetic-bottle-type 8 i

retarding-field
spectrometer

MCP

detector Il effeCtS (~7 eV)

- Simulated data
— Fit

u/ ‘ _' atomic binding

) quadrupole ion guide - e
Radiofrequency Quadrupole mass separator -
and d.c. funnel De Laval nozzle

22U implanted from FRIB

We are just looking for nonzero counts and
then the order of magnitude of AE if a signal
is observed. Unlike for ?»Th, knowledge of
atomic binding effects is not crucial.

ol :
Main background: 8.36 eV from 2*Th! AE — Edeﬂ -+ Eabe 0 —05 —1.0 15 2.0 25 —3.0

Retarding voltage (V)
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Heavy Pear-Shaped Nuclei Inside Molecules/Solids

Enhancements: nuclear Schiff moment enhancement of x1000 (?25Ra)
to maybe(!?!) x1000000 (**°Pa)

and ~100 MV / cm effective internal E-field (lab <1 MV /cm)
[N.B. the nucleus feels a different E. than the electrons!]

Potential: x10° to x101° more new physics sensitivity than the *Hg
experiment on a per atom basis.

a Direct cooling b uttracold assembly € Matrix isolation
Opportunity: “
Isotope harvesting @ FRIB: \ |
from “Beam to Beaker” —G
(??°Ra, #*°Pa, ...)

)

EAR

v 4 A

il
4
\/\AV'A

Challenges: Nature Physics 20, p741-749 (2024)

« How do we get the harvested isotopes from “Beaker” into an experiment?

« How do we calibrate the new physics sensitivity of these “enhancer
isotopes” inside of molecules?

« How do we efficiently form & probe short-lived radioactive molecules?
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Spinlab: Pear-Shaped Nuclei Implanted In Cryogenic Solids:
225RaF/ 225°Ra0 (t4,, = 15 days) & ??°Pa (t,,, = 1.5 days)

Efficient trapping of a wide variety of species
Very high number densities
Stable and chemically inert confinement

Transparent in the optical regime for optical probing

Under certain conditions, polar molecules orient
themselves along the crystal axes which allows for
control of systematics: PRA 98:032513 (2018)

Challenge: quantum control in rare gas solids

Ions implanted in optical crystals or diamonds allowing for optically-
addressable nuclear spins

Hyp. Int. 240:29 (2019), Phil. Trans. R. Soc. A.382: 20230169 (2024), PRA 108, 012819 (2023)

Implanted ions can sit at two distinct sites with opposite pointing
internal E-fields which allows for control of systematics PR 1311912 (1963)
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Controlling Systematics in Solids: The RB-Experiment

Cr®* in Al,O3: Royce & Bloembergen Phys. Rev. 131 1912 (1963)

€ AND H PARALLEL TO C AXIS
V=139 6C/SEC
H =900 GAUSS

+3

-

PR 131 1912-23 (1963)

> external B-field

Key Concept: In the absence of external fields, the non-degeneracy of a Kramers
Doublet is an indication of time-reversal symmetry violation.
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“Stark Splitting:” There Are Two Ensembles of lons!

Cr®* in Al,O3: Royce & Bloembergen Phys. Rev. 131 1912 (1963)

SPLITTING OF CR®' PARAMAGNETIC RESONANCE IN Al ,0, DUE TO
THE APPLICATION OF AN ELECTRIC FIELD

€ AND H PARALLEL TO C AXIS
V=139 6C/SEC
H =900 GAUSS

PR 131 1912-23 (1963)

=
internal E-field «— *T N

I N

E=168 KV/CM \//
33.5 sAuss*rsa.s GAUSS

Fic. 1. Experimental absorption derivative curves showing
the electric-field-induced splitting of the 3 — % resonance line of
Cr3* in ruby.

> external B-field

Key Concept: Under the right conditions, ions (& molecules...) in solids
are oriented along the crystal axes.
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Apply E-Field Only During State Detection!
Cr®* in Al,O3: Royce & Bloembergen Phys. Rev. 131 1912 (1963)

SPLITTING OF CR®' PARAMAGNETIC RESONANCE IN Al ,0, DUE TO
THE APPLICATION OF AN ELECTRIC FIELD

€ AND H PARALLEL TO C AXIS
V=139 6C/SEC
H =900 GAUSS

| T
~ VEPR

— > internal E-field

> external B-field

PR 131 1912-23 (1963)

y—
internal E-field ¢— * < 4Ade

N AVEPR = b

E =168 KV/CM
335 sAuss*rsa.s GAUSS

F1c. 1. Experimental absorption derivative curves showing <€ external B-field
the electric-field-induced splitting of the 3 — % resonance line of

Cr¥t in ruby. < — internal E-field

> external B-field l
VEPR

Key Concept: Apply a lab E-field only during the detection/readout step just to
spectroscopically distinguish the two ensembles!
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Key Idea to Control Systematics in Solids:
Two Nearby Sites Where Effective E-fields Are Opposed

SPLITTING OF CR®'PARAMAGNETIC RESONANCE IN At ,0, DUE TO
THE APPLICATION OF AN ELECTRIC FIELD

€ AND H PARALLEL TO C AXIS
V=139 6C/SEC
H=900 GAUSS

PR 131 1912-23 (1963)

internal E-field €—

I N

E =168 KV/CM \//
33.5 smss«Tss,s GAUSS
Fic. 1. Experimental absorption derivative curves showing External B-Field
the electric-field-induced splitting of the 3 — % resonance line of

Cr3* in ruby.
PRA 98:032513 (2018)

é external B-field BaF/RaF orientations

(in/out not depicted here)
Key Concept: No lab E-field during the spin precession step minimizes the
sensitivity of the frequency measurement to external E-fields.
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One Example of a Modern “RB-Experiment”

EDITORS' SUGGESTION

Orientation-dependent hyperfine
structure of polar molecules in a rare-
gas matrix: A scheme for measuring
the electron electric dipole moment

The Stark shift of the hyperfine states of polar molecules

embedded in a solid rare-gas matrix is found to depend on

the molecular orientation. This finding may significantly
E. A. Hessels (York, Canada) _ o
A. Vutha (Toronto) improve the measurements of the electron electric dipole

JTS (MSU) moment by using large ensembles of polar molecules
. Mk teichmn trapped in rare-gas matrices with orientation-dependent

80 o\ detections.
X o '

RS A. C. Vutha, M. Horbatsch, and E. A. Hessels
Phys. Rev. A 98, 032513 (2018)

Nature Physics 20, p741-749 (2024)
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Some Molecule Production Techniques

Less Brute Force: Most Brute Force:
Laser Ablation + Cold Buffer Gas High Temperature Oven

Solid Precursor Resistive Gas Phase Molecules
Filament

Buffer gas
Flow In

—>@eee

Solid
Precursor

Crazy Enough to Work:
Electrospray Ionization

09"
-,

Molecules 3 ‘.
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Electrospray lonization Basics

ESI-MS interface Dripping  Burst  Pulsating Cone-jet

High voltage
1 Skimmer\
O E A % A

ESI
-
(o] (@]

; —
Metal union ; MS analyzer

Heated capillary o

i

Vacuum pump

Syringe pump

o
o o.
K
o,
o
[
o
o
o

Applied voltage

lon evaporation

Solvent e model
Fission
evaporation 5% % /
= > &)
e % \ Charged residue
- model

Charged droplet
from electrospray Rayleigh limit

Encyclopedia of Spectroscopy and Spectrometry, Third Edition http://dx.doi.org/10.1016/B978-0-12-803224-4.00319-8

Nobel Prize Chemistry 2002: John B. Fenn
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Electrospray lonization Could Be Very Efficient!

Anal. Chem. 2010, 82, 9344-9349

Achieving 50% lonization Efficiency in Subambient
Pressure lonization with Nanoelectrospray

loan Marginean, Jason S. Page, Aleksey V. Tolmachev, Keqi Tang, and Richard D. Smith*

Biological Sciences Division, Pacific Northwest National Laboratory, P.O. Box 999, Richland,
Washington 99352, United States

Anal. Chem. 2008, 80, 1800—1805

Inefficient ionization and poor transmission of the charged Subambient Pressure lonization with

species produced by an electrospray fr;lm lg’e ambient  Nonoelectrospray Source and Interface for
pressure mass spectrometer source into the high vacuum  mproved Sensitivity in Mass Spectrometry
region required for mass analysis significantly limits
aChievable SenSitiVity. Here, we pl'esent evidence ﬂlat, Jason S. Page, Keqi Tang, Ryan T. Kelly, and Richard D. Smith*
when operate d at ﬂ OW T at es Of 50 nL/ min a new el e Ct]' 0- Biological Sciences Division, Pacific Northwest National Laboratory, P.O. Box 999, Richland, Washington 99352
9
. . L
spray-based ion source operated at ~20 Torr can deliver Sl
. . o 0 . 0 i i f |
~50% of the analyte ions initially in the solution as st O Li""e grraa |
. . . 1
charged desolvated species into the rough vacuum region P{mmm"mmmm_mmmwmm
of mass spectrometers. The ion source can be tuned to - |_ | —
optimize the analyte signal for readily ionized species - wI|II||I1||I|t|t|||l|l||l|l||m||||||||I mlllllllllnlllllllllﬂllﬂlllllll
|
1

lon funnel I
1
1

To quadrupole
while reducing the background contribution. ss anly

[
! mass analyzer
1
1

760 Torr | 30 Torr 1.7 Torr
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Spinlab: 22°RaF/ 22°Ra0 in Noble Gas Solids

S dE | JjjE—=—|.Ij ]
L e g —

/

Electrospray ionization

Anal. Chem.80:1800 (2008)
Anal. Chem.82:9344 (2010)

creates molecular ions which are
focused and filtered with ion optics
ionization utilization efficiency <50%
ideal for small radioactive samples
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Spinlab: Testing With Isopropanol:
Ion Funnels Work Well! (~$5k off the shelf)

gy =

Stable ion beams are possible: Challenges:
* Can be used during installation to * Low reproducibility

test ion optics » Lack of control over positioning and
* Optimizing applied bias probe alignment
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Spinlab: Current Status of Source Interface Design

KJL-SPARC 3.0
2025'01 '23 Power Supply & Display
3 o . KJL-SPARC 3.0
F RI B 'E D M e Power Supply & Display
KJL Ambient '

Front End IOn Source DeSign Capacitance Manometer Hurtd. Lesves
P/N: ACG-HT-2-1
Draft 4

Quantity (Unit) Electrospray [Low Pressure lon] Octupole lon KJL 275i Series  counter Fused-Silica
v Chamber | Funnel Chamber JGuide Chamber Vacuum Gauge  Electrode Capillary
Target Pressure 1 102 P/N: KJL?75807LL | KJL 275i Series
(Torr) : Vacuum Gauge
KJL Ambient | Conductive PIN: KJL275807LL
|
Exit Diameter (mm)

Capacitance Manometer -~ E Tip
P/N: ACG-ET-1-1
# of DC Bias

Feedthroughs CO, Gas Flow

# of RF Bias +2.50 kV

Feedthroughs
Total # of

Feedthroughs

Inlet Diameter (mm) 4 4

Atmosphere
To Vacuum PEEK

|merface Nut Stainless Steel

Capillary Ferrule Union
Tube l
w ‘.l

I-l
II-II i
~~ I Rlng Terminal
Shi ~“------------
utoff Valve
x Ground <4“—MOLEX—»

Ri
Flowrate: sh

]
. \ =_ Terminal
102nL/min ..-_—H ; \

Insulated Tubing
For Sheath Gas

ChemyX DUal-Channel Syrlnge pump Atmosphere to Atmosphere to Atmosphere to Almosphere to Atmosphere to
P/N Fusion 200_X Vacuum ESI| Vacuum DC Vacuum RF Vacuum DC Vacuum RF

HV Connections Connections Connections Connections Connections
Electrospray Chamber

Interface Interface Interface Interface Interface

Flow

control ______

== WIRING LEGEND || w Pressure

—— HV DC (<500 V)
===+ HV DC (>1 kV) Ion Funnel Chamber

= RF (f<3 OMHZ, V.. <4300)
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FRIB is eager to invest in unique off-line opportunities!

Exhortation: The appearance of inefficiently duplicating efforts at multiple facilities
runs some risk under the present funding context.

FRIB is eager to proactively support the needs of the FS community in places where it

may be able to play a unique role:

1. Offline access to some interesting isotopes (2°Ra, 22°Pa, others?) by direct production via the
Isotope Harvesting program.

2. General collaborative support for radiochemistry for anyone anywhere

3. People (searching for an FS staff scientist now- see QR Code), space, and capital equipment for FS
experiments physically hosted at FRIB

4. Plans for a general-purpose beamline that utilizes harvested isotopes (US NSF MRI)

5. Administrative/logistical / organizational support for Center-level effort to help provide a “home-
base” within the US context

6. DOE Office of Science has requested a FRIB Director’s Review.

FRIB PlIs: Jaideep Taggart Singh (Spinlab), Xing Wu (QUEST)
Shane Wilkins (starting July 1)

Atomic ?Ra EDM in a laser trap

Polar molecules trapped in noble gas solids (EDM-cubed)

229Pa nuclear structure measurements

229Pa ions implanted in optical crystals/diamonds

Centrifuge slowing of cold atoms and molecules

Optical cycling properties of interesting molecules

Cold sources for radioactive molecules e
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Thanks For Your Attentlon'

U.S. DEPARTMENT " GORDON AND BETTY

) oy ENERGY St MOORE

FOUNDATION

E. A. Hessels

@ York (Canada):
GBMES8863

G-2019-12503

DE-SC0019015 (ECA-EDM3)
DE-SC0019455 (Ra EDM) #1654610
DE-NA0003996 (Pa-229/SAM) (CAREER-SAM)
DE-SC0025679 (Ra EDM+EDM3) #2412951 (SAM)
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