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There’s A Lot Of Exciting Topics Being Discussed At CIPANP!
Precision Measurements, Fundamental Symmetries, BSM

Fundamental Symmetries: Decay Recoil Spectroscopy With Cosmic Microwave Background:
Permanent Electric Dipole Moments Superconducting Quantum Sensors Upcoming And Ongoing Measurements
Skyler Degenkolb, Wednesday June 11, 08:15 Kyle Leach, Tuesday June 10, 11:00 Maximilliano Silva-Feaver, Wednesday June 11, 10:45
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Correction Weak Sector Symmetry Violations:
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i Support Electron Scattering, Polarized Neutrons
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Beyond Standard Model Searches @ LHC
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More Sources of CP-Violation Needed To Explain
Abundance Of Matter Over Antimatter In The Visible Universe

matter — antimatter

o sin(o

relic photons

~ —9
Nexp ~ 10
PDG2024

nokm ~ 10720

Huet& Sather PRD 51:379 (199%

-300 _

Planck (2018) https://www.cosmos.esa.int/web/plargddipisture
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Permanent Electric Dipole Moments:
A Signature Of T-Violation

Quantity P (Parity) ‘ T (Time-reversal) AEDMs measure a separation of charge

Even (+) Odd (-) ® g5 0j , (@

Even (+) 0dd (-) U

Odd (-) Even (+) (‘D ¢6’ © ¢x(—’)) @¢O
B¢o Even (+) Even (+)

Total angular momentum
B0 Odd (-) Odd (-) Magnetic field
Electric field

LD\I MD\! I:DM \IDM l:DM \lDM

Electric dipole moment
Reversal Reversal Magnetic dipole moment
1 o | Charge Distribution

<<'+«< CPT Theorem: T-Violation = CP-Violation
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CP-Violating Observable In Diamagnetic Atoms:
Nuclear Schiff Moment With Pear-Shaped Radium-225

S, — (er?z) (%) (ez)
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Ex: 22°Ra Parity Doublet  Nearly degenerate parity doublet by {
Western Pear In A Chair (2016) by Audry
Haxtor& Henley PRL 51:1937 (1983)

ChazemMuseum of Art
« Large intrinsic Schiff moment due to octupole deformation

Auerbactklambaun&SpevalPRL 76:4316 (1996)

Total Enhancement Factor: EDM ( ??°Ra) / EDM (1°°Hg)
Skyrme Model Isoscalar Isovector

Sl 300 4000
SkM* 300 2000

SLy4 700 9000
225Ra: Dobaczews&i Engel PRL 94:232502 (2005)

199Hg: Ban et al. PRC 82:015501 (2010)
A. Boyer, FRIB-EDM3 Radioactive Molecule Source
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Taking Inspiration From Leptonic EDM Searches:
Combine Polar Molecules With Pear-Shaped Nuclei

Enhancement
Up to 107 expected
in 15t generation

Lab: 0.13~ - Int: 100~
Solids: 3% Av = geff’fatom/inucleus X (neW phySiCS)
Pear-shaped nucleus image from Gaffney et al. Nature 497:199 (2013)

APolar molecules have been APolar molecules to be implemented in upcoming hadronic
demonstrated as an ultrasensitive tool searches
for electron EDM searches « CeNTREX: 205TIF (Stable)
 Easy to align molecule dipole moment * RaX: 22°RaF and %2°RaOH (Pear-shaped, not stable)
with applied field « FrAg: 223FrAg (Pear shaped, not stable)
* Molecule dependent co-magnetometry

via energy splittings : , _ _
+ Large internal fields produce larger ARadioactive polar molecules challenging to use

splittings * Creation and handling of short-lived isotopes

* How do we efficiently form molecules with these isotopes?
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Laser Cooling & Trapping

R Mg

e
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There Are Several Ways To
Slow And Trap Radioactive Molecules

Ultracold Assembly

Internuclear distance

DeMille et al. Nature Physics 20:741 (2024)

Opportunity

* Lots of progress with stable molecules,

RaF favorable for laser cooling
Challenge

*  Complex cooling schemes, Low

efficiency, ~1%

Molecular Beams

Spin precession
L=20cm,z=1ms

Light collection

S ST RNV N W

I » I I Etectric plates
Magnetic coils

5 layers of magnetic shields

6/10/2025

Opportunity

* Could be very efficient path to
ultracold molecules

Challenge

* Limited to laser coolable atoms

*  Species lifetime: current focus
223F 107 Ag

(BFrt; ¢ @ Qe

Opportunity

» Lots of progress in making cold,
intense beam of stable
molecules

Challenge

« Efficiency not characterized or
optimized

' Panda (Harvard PhD Thesis, 2018)

lon Trapping

Roussgt al. Science 381:46 (2023)Pr'§g?r\:v ;rr?;{sﬁrg;.ce)ézgoie(goz

To@ — i
— .
> :

e . .

Molecular beam

Opportunity
» Flexible for many species, long coherence times, amenable to
small sample sizes
Challenge
« Limited trapping capacity due to Coulomb repulsion
Matrix Isolation
- ‘O—C'H“x
f,’lr_‘:u O -] o\\
o ood@o o  Opportunity
© o 0009 . |argenumber of molecules (10'3) can be
‘;’-\-0 o 0o O‘ trapped in a small volume (1mm3)
e o
[ Challenge
l * Inhomogeneities, broad linewidths obscure
sensitivity

| | DeMille et al. Nature Physics 20:741 (2024)

P

A. Boyer, FRIB-EDM3 Radioactive Molecule Source Slide 7




There Are Several Ways To
Slow And Trap Radioactive Molecules

Laser Cooling & Trapping Ultracold Assembly lon Trapping

. Arrowsmith-Kron et al. Rep.
Roussy et al. Science 381:46 (2023) Prog. In Phys. 87:084301 (2824)

Internuclear distance

DeMille et al. Nature Physics 20:741 (2024)

Lots of progress with stable molecules, <+ Could be very efficient path to * Flexible for many species, long coherence times, amenable to
RaF favorable for laser cooling ultracold molecules small sample sizes

Complex cooling schemes, Low Limited to laser coolable atoms slimited tranning canacity dues to Conlaomb renylsign

efficiency, ~1% Species lifetime: current focus Matrix Isolation Nicholas Nusgart
223F 107 g

o : Ve Tuesday June 10

(“*°Fr 7,/ = 22 min) /o8 o o\ 19-40 - 20-00

©od@eo o  Opportunity

©0o0o0g «  Large number of molecules (10'3) can be

e Lots of progress in making cold, \@o 0@/ trapped in a small volume (1mm?)
t intense beam of stable ~o o

molecules Challenge

% % l « Inhomogeneities, broad linewidths obscure

« Efficiency not characterized or sensitivity

Molecular Beams

optimized

: Panda (Harvard PhD Thesis, 2018) | | DeMille et al. Nature Physics 20:741 (2024)
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There Are Also Several Ways To Produce Molecules

Less Brute Force:
Laser Ablation + Cold Buffer Gas

Most Brute Force:

High Temperature Oven
Heat shield Oven nozzle

I | B
o \O

(el e} o]

Current Source Resistive filament Gas phase molecules

Opportunity
» Capable of creating neutral molecular beams

from solid/liquid precursor Opportunity
Challenge « Capable of creating slow, bright beams
» High temperatures required (~10° °C) for of neutral molecules

radioactive molecules risks destroying them, Challenge

efficiencies not well known « Macroscopic solid precursors required,
efficiencies not characterized or
optimized
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Exotic And Weird:
Electrospray lonization

o
. &
N Y

Flow
control

Flow
control

Flowrate:
10°nL/min

Opportunity

« Capable of creating molecular ions
from liquid precursors with efficiencies
up to 50%

Challenge

« Largely untested by fundamental
symmetries community




There Are Also Several Ways To Produce Molecules

Most Brute Force: Less Brute Force: Exotic And Weird:
High Temperature Oven Laser Ablation + Cold Buffer Gas Electrospray lonization

Heat shield Oven nozzle —
-« &

@®

.. 93,

Flow
control

Flow

[ ]
- - cio oure!
o O Cold Molecules
Laser Pulse

(el e} o]

Flowrate:
Current Source Resistive filament Gas phase molecules 10°nL/min

Opportunity
» Capable of creating neutral molecular beams

from solid/liquid precursor Opportunity Opportunity

Chal_lenge _ - Capable of creating slow, bright beams - Capable of creating molecular ions
* High temperatures required (~10° °C) for of neutral molecules from liquid precursors with efficiencies
radioactive molecules risks destroying them, Challenge up to 50%
efficiencies not well known «  Macroscopic solid precursors required, Challenge
(Gas phase neutral atoms) efficiencies not characterized or « Largely untested by fundamental
Gordon Arrowsmith-Kron optimized symmetries community
Tuesday June 10
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There Are Also Several Ways To Produce Molecules

Most Brute Force:
High Temperature Oven

Owven nozzle

Heat shield

| /

=/
(" (o

eh

. | ﬁ Il'qll
O O '-\'I

Resistive filament

Current Source

Capable of creating neutral molecular beams
from solid/liquid precursor

High temperatures required (~10° °C) for
radioactive molecules risks destroying them,
efficiencies not well known

6/10/2025

Less Brute Force:
Laser Ablation + Cold Buffer Gas

Capable of creating slow, bright beams
of neutral molecules

Macroscopic solid precursors required,
efficiencies not characterized or
optimized

A. Boyer, FRIB-EDM3 Radioactive Molecule Source

Exotic And Weird:
Electrospray lonization

o9
. &
N Y

Flow
control

Flow
control

Flowrate:
10°nL/min

Opportunity

Capable of creating molecular ions
from liquid precursors with efficiencies
up to 50%

Challenge

Largely untested by fundamental
symmetries community

Slide 11




Electrospray lonization:
It Could Be Very Efficient For Forming Radioactive Molecules

Dripping ~ Burst  Pulsating Cone-jet Anal. Chem. 2010, 82, 9344-9349

Achieving 50% lonization Efficiency in Subambient
Pressure lonization with Nanoelectrospray

—
—

0000000000000 0000W WO «

>

on e
>

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

Inefficient ionization and poor transmission of the charged 4nal. chem. 2008, 80, 1800-1805
species produced by an electrospray from the ambient

pressure mass spectrometer source into the high vacuum gyuhambient Pressure lonization with
region required for mass analysis significantly limits N 0 galectrospray Source and Interface for

Applied voltage R achievable sensitivity. Here, we present evidence that, cps. =a =
when operated at flow rates of 50 nL/min, a new electro- Improved Sensitivity in Mass Spectrometry

spray-based ion source operated at ~20 Torr can deliver

Encyclopedia of Spectroscopy and Spectrometry, Third Editio ~50% of the analyte ions initially in the solution as
. charged desolvated species into the rough vacuum region
https://doi.org/10.1016/EB723032241.00313 of mass spectrometers. The ion source can be tuned to
optimize the analyte signal for readily ionized species
while reducing the background contribution.
Low
| capacitance

0 ,0%°000°00i

[+]

Jason S. Page, Keqi Tang, Ryan T. Kelly, and Richard D. Smith*
Biological Sciences Division, Pacific Northwest National Laboratory, P.O. Box 999, Richland, Washington 99352

lon evaporation lon funnel

Solvent ;G model ES emitter  ion funnel

Fission
evaporatnon @ ISSI @ @ / e

@ I
iarsdies @ ~y Charged residue
I ! 2 model
Charged droplet /-
from electiospray reviegnimt ‘ lllmmm-lllllllllllll \Illlll-lllllllmll
|

760 Torr 30 Torr : 1.7 Torr

To quadrupole
mass analyzer
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We Have Prior Experience With Electrospray

Decreasing Pressure

—

~10° Torr 0" Torr ~10° Torr ~10° Torr

|||||||||||||||1||||||||||I||I|||||||d i)
oy e ] ——

Atmospheric
Electrospray

e lon Funnels Octupoe lon Guide
lonization Source

Isopropanol + water

>
Flowrate:
10% nL/min

Syringe Pump

Electrospray lonization Source:
DC High Voltage (3-5 kV)
Collinear gas flow

Difficult to precisely position and align
Subject to atmospheric conditions of room

6/10/2025 A. Boyer, FRIB-EDM3 Radioactive Molecule Source Slide 13




We Have Prior Experience With Electrospray

Decreasing Pressure

~10' T, ~10° Torr ~10° Torr

||||||||||||||||||||||||||||||ﬂ||||||||H||d = —
mnmmly e ] ——

Atmospheric
Electrospray

e lon Funnels Octupoe lon Guide
lonization Source

Flowrate:
10% nL/min

Syringe Pump

Electrodynamic lon Funnels:
DC Gradient (~ 130 V)
Alternating-phase RF (250-500 V, 2-3 MHz) V,,
Commercial product complete with electronics to
operate

GAA Custom Electronics (Gordon AndeBmeset al. NIMB 338:126 (2@
6/10/2025 A. Boyer, FRIB-EDM3 Radioactive Molecule Source Slide 14




We Have Prior Experience With Electrospray

Decreasing Pressure

—

~10' T, ~10° Torr ~10° Torr

i) g M ———
. e ——— 0C

Atmospheric

Electrospra "
N pray lon Funnels Octupoe lon Guide RF and DC on
lonization Source \
RPN

Isopropanol + water

Flowrate:
10% nL/min

Syringe Pump

Stable ion beams are possible: Challenges:

« Magnitude and stability affected by: » Low reproducibility of test :
* Applied DC/RF conditions
* Ambient conditions around electrospray « Lack of control over : .
» Solution flow rate into electrospray source positioning and alignment 0 12 14 15 17
» Source positioning and alignment Time (minutes)

6/10/2025 A. Boyer, FRIB-EDM3 Radioactive Molecule Source Slide 15
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The FRIB-EDM3 Instrument Plan:
Co-deposit Neutral Molecules With Noble Gas Atoms Onto A Cryogenic Substrate

—Decreasing Pressure

-
wes. ., o3
R ¥

~10' Torr ~10° Torr ___~10" Torr

| —

Deflector

—[5

Electrospray Chamber Low Pressure
lon Funnel Chamber Octupole lon Quadrupole

Guide Chamber  Mass Filter

6' 225Ra Aqueous
@ Solution in HF

apiIng) uoj
ajodmap

1 Molecular lon
Harvested *°Ra Neutralization

Isotopes From FRIB Cell
g

Noble Gas Solid
Deposition And
Imaging Chamber
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Current Activities:
Complete Redesign of Front-End Interface

KJL-SPARC 3.0
2025'01 '23 Power Supply & Display
3 2 KJL-SPARC 3.0
FRIB'EDM = . Power Supply & Display
KJL Ambient L]

Front End lon Source Design = Gapacitance Manometer
PIN: ACG-HT-2-1
Draft 4

[Evectrospray [Low Fressure lon] Getupole fon KJL 2751 Series  Counter  Fused-Silica P/N: 392502-2-YG-T
Chamber ] Funnel Chamber |Guide Chamber Vacuum Gauge  Ejgctrode Capillary )
Target Pressure 3 P/N: KJL275807LL KJL 275i Series

o 20 1 10 + |

) Vacuum Gauge — B
KJL Ambient PIN: KJL275807LL B
: ;

MKS Micro-lon Gauge
Quantity (Unit)

Inlet Diamet i
nlet Diameter (mm) 4 4 Capacitance Manometer ~

Exit Diameler (mm) 4 4 4 PIN: ACG-ET-1-1

7ol DC Bias I
Feedthroughs Al
7 of RF Bias g
Feedthroughs -
F:t:::l:)ﬁ;hs PEEK b Stanford Research Systems
p lount Residual Gas Analyzer 300
To Vacuum Einzel Lans
Interface Stainless Steel . Extrel Octupole lon Guide Vented Housing (Tube Lens")
Capillary Unicn "] M/N: 815481

Tube i

5

~2.75in. CF

- 1 | I A

I I gy TG T 1 S Rs
Shutoff Valve
Ground MOLEXT "Ill""llll 1 RGA300
- Ring +—MOLEX—F
Flowrate: uI= I Terminal Ring
10°nL/min Insulated Tubing \4 / Terminal
For Sheath Gas
> A [ o

1
Chemyx Dual-channel syringe pump 2.75in. CF
PIN: Fusion 200-X

e Extrel RF Connections Interface

Electrospray Chamber ' — P/N: 813478

—
WIRING LEGEND :
HV DC (<500 V) Low Pressure = Octupole lon

- HV DG (+1 kV) = lon Funnel Chamber " “Guide Chamber

RF (f<3.0MHz, V,,<4300)

— GND Picoamp level currents will be measured on/
= N GaSumosphers

bias wires uisng Keithley Picoammeters
==== Insulated Gas N2 Tube . 500 Yy

ac
= Transfer Capillary Quadrupole Control
Thickness of wire indicates

; y e DD OD DD OO0
magnitude of bias = D L

Keithley Picoammeter/Voltage Source - e |

—_— === M/N: 6487 Extrel Quadrupole Power Supply
Modular Intelligent Power Supply (MIPS) M/N: 821006
Manufactured by GAA Custom Electronics
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2025-05-05
FRIB-EDM?

Electrospray Chamber

Current Activities:
More Granular Drawings For Our Mechanical Design Team

KJL-SPARC 3.0
Power Supply & Display
4

With Spatial Dimensions

Draft 2

Transfer
Capillary

WIRING LEGEND

—_— N, GaSAtmnsphsre
==== Insulated Gas N2 Tube
Transfer Capillary

Flowrate:

n_____ 1
g
102 Limin| [ “———

Chemyx Dual-channel syringe pump
P/N: Fusion 200-X

Flow
control

KJL 275i Series Counter

Vacuum Gauge Electrode

P/N: KJL275807LL
i

Fused-Silica
Capillary
(Emitter)

KJL Ambient
Capacitance Manometer +
P/N: ACG-HT-2-1

CO; ’
Inner Diameter = 20 pm

Gas Flow

4 Outer Diameter = 365 ym

|Emitter Length = 2.75" or 70 mm

,/

Blanked)

Waters ThermoFisher
PEEK Nut & Ferrule  Stainless Steel
SKU: 700005182 Union
Catalog Number:
130-63 port |y U-435, U-412, or U-402

N /uawo'urzoemm
— -
.I-I. '// ._ ,I 7 Enzetiens

Emitior offsat e

0 556 l from funnel axis by
4 or 0.15"
15 mm
‘\

Termiaa\ Insulated Tubing I
For Sheath Gas

IDEX PEEK Tee
Part Number: P-890-01

Shutoff Valve

4.3" or 109.22 mm

Electrospray Chamber
|
I

12" or 304.8 mm

A. Boyer, FRIB-EDM3 Radioactive Molecule Source

This face in this orientation would be

a 6"6" square with a KF-25 port centered

on it. We will likely need to replae this with

a face with a larger vacuum port to accomoedate

Einzel lens and PEEK mounting structure

(Size unknown, model off of previous work for EDM3 front end

Ideal Vacuum 6"x6"x12"
Modular Vacuum Chamber
With Viewing Window Door
KF and ISO ports

P/N: P109131

Slide 18




Current Activities:
More Granular Drawings For Our Mechanical Design Team

KJL-SPARC 3.0 . o KJL-SPARC 3.0
Power Supply & Display Power Supply & Display

KJL Ambient KJL Ambient
Capacitance Manometer Capacitance Manometer
P/N: ACG-HT-2-1 - = KJL 275i Series T P/N: ACG-HT-2-1
) Vacuum Gauge f

KJL 275i Series P/N: KJL275807LL
Vacuum Gauge
PIN: KJL275807LL

6/10/2025

Looking down funnel axis
(Entrance Side)

Electrospray emitter
separated from exit

aperture radially ) 2" or50.8 mm
by 4 mm or 0.15" /

e
2" or 50.8 mm

6" or 152.4 mm

6" or 152.4 mm

Looking down funnel axis
(Exit Side)

2" or 50.8 mm

6" or 152.4 mm

A. Boyer, FRIB-EDM3 Radioactive Molecule Source

6" or 152.4 mm




ACP-Violation could help account for discrepancy between the observed and
predicted Baryon Asymmetry of the Universe (BAU)

ANon-zero EDMs and NSMs are a direct signature of T- and P-violation and thus
also CP-violation

ARadioactive molecules could be a very useful tool for increasing statistics and
offering additional degrees of freedom for control of systematics in Hadronic
EDM/NSM searches

AMatrix isolation could be a powerful option for trapping many molecules in a
small volume if we can exhibit enough control over effects in-medium

AElectrospray ionization could be an efficient path forward for producing
radioactive molecules from small sample sizes

AWe believe we can improve upon on test bench electrospray by utilizing lower
precursor flow rates and taking the electrospray pressure to rough vacuum

6/10/2025 A. Boyer, FRIB-EDM3 Radioactive Molecule Source Slide 20
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What Is The Expected Magnitude Of The Schiff Moment For

Pear-shaped Systems Predicted By Current Calculations? (1)

The Schiff Moment is calculated in two ways depending on whether you ask an atomic or
nuclear theorist. In general, it depends on the size scale of the P, F violating physics.
For Atomic theorists, calculating a nuclear Schiff moment involves calculating A, ,cicar:

datom — Aelectronde + Anucleuss + ANSICNS | + ANSDCNSD

For paramagnetic atoms with nuclear spin =0

datom — ,Aelectromde + ,Anucleus|8 _|_|ANSI|CNS | _|_|ANSD|ONSD

| | | |

LARGE ~0 LARGE ~0

For diamagnetic atoms with nuclear spin # 0
datom — ,Aelect'r‘omde + ,Anucleus|8 _|_|ANSI|ONS | T ,ANSD|CNSD

! ! !

small LARGE small LARGE
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What Is The Expected Magnitude Of The Schiff Moment For
Pear-shaped Systems Predicted By Current Calculations? (2)

The Schiff Moment is calculated in two ways depending on whether you ask an atomic or nuclear
theorist. In general, it depends on the size scale of the P, F violating physics.
For Nuclear theorists, calculating a nuclear Schiff moment involves calculating all Ay,;4s:

S — ASRNJER -+ ASRPCiSR + Aisoscala'r'g() + Aisovecto'r'gl + Aisotensov"gZ
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What Aqueous Precursor Will You Use?

Initially, we though we’d use HF, but HF is a nasty chemical to work with. Using it in our electrospray was
the first thing we thought would introduce fluorine to form molecular bonds with radium. But... it would be
corrosive AND radioactive and very hazardous to work with

Alyssa Gaiser (Radiochemist @ FRIBLtoId us about how you can add fluorine to ammounium (or
ammonium derivatives) readily to f-shell elements and how she expects that you’d be able to do
so for alkaline earth elements too:

“With the small quantities | believe you anticipate working with, precipitation will not be an issue,
unless for some reason you have another alkali or a kaline earth carrier salt present in
precipitatable quantities (i.e. mgs of Ba salt), you should experience little to no issue.”

Alyssdsaiserpersonal communication, March 11, 2025

Fluorine + Ammonium for f-shell: Russo ankdaendlejournal of Inorganic and Nuclear Chemistry 36:763 §
Link: https://www.sciencedirect.com/science/article/pii/0022190274808080

Precipitation of RaF, from Ra(NO;), in NH,F: Butkalyu&t al. Radiochemistry 63:21 (2021)
Link: https://link.springer.com/article/10.1134/S1066362221010045

6/10/2025 A. Boyer, FRIB-EDM3 Radioactive Molecule Source Slide 25


https://www.sciencedirect.com/science/article/pii/0022190274808080
https://link.springer.com/article/10.1134/S1066362221010045

Simulating lon Funnel Performance For “Low” m/z

Electrospray lonization is typically used on molecular ions with masses ~ 103 Daltons (Da)
Nick Nusgart (nusgart@frib.msu.edu) performed the simulations and has more details

, P , ,
Ow pa —Aa (PO
P P pc( )

Transmission vs Molecular Mass (Charge 1)
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Offset Between The Funnels And Electrospray?

We intentionally offset funnels from each other, and the first funnel from the
electrospray to suppress the line-of-sight gas load from the electrospray source
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