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Cosmic Microwave Background Anisotropy
Why More Matter Than Anti-matter?

matter — antimatter

relic photons *sin(0)

—9
Nexp ~ 10
PDG2023

—26
nckm =~ 10
Huet & Sather PRD 51:379 (1995)

Planck (2018) https://www.cosmos.esa.int/web/planck/picture-gallery
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Sakharov Conditions: Baryon Asymmetry Possible If...

75°C B °0°C 1. Departure from thermal equilibrium

2. Baryon number violation Ng, # Ng,

i

A. D. Sakharov JETP Letters, 5:1 (1967)
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3. C, CP Violation
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Different Avenues To Search For CP Violation

» High Energy Searches — TZ/K\
* Neutrino oscillations ==

« Kaon decays — e (\
* B meson decays JNDERGROU
NEUTRINO EXPERIMEI

uest for CPV

= Low Energy Searches [ €
 Ortho-positronium w
* Permanent electric dipole moments
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Permanent Electric Dipole Moments (EDMSs)
A Signature Of CP Violation

= An EDM Is a measurement of separation of charge  NeNEI AR L 118 ‘T (Time-reversal)

(j) j Even (+) 0Odd (-)
Even (+) Odd (-)

S~
ol

E Odd (-) Even (+)
(,uf' B + df‘ E) J-B Even (+) Even (+)

J j.E Odd()  Odd()

CPT Theorem: T-Violation = CP-Violation
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Multiple Experiments With Different Test Particles
Different Sensitivities To CP Violation

Best Limit (95%) SM estimate

1E-28 e cm

1E-28 ecm Method (Location)
Chupp et al. RMP 91:1 (2019)

ultracold neutrons in a bottle (PSI)

Neutron 220 =L Abel et al. PRL 124:8 (2020)
cold ThO beam
0.11 (Chicago/Harvard/Northwestern)
“Electron” ~10/ Andreev et al. Nature 562:7727 (2018)
Ema et. al. PRL 23:231801 (2022)
0.05 trapped HfF* (JILA/Boulder)

Roussy et. al. Science 381:66353 (2023)

_ 106 atoms in vapor cell (UW-Seattle)
TEREE 0074 10 Graner, et al. PRL 116:16 (2016)

ALL CONSISTENT WITH ZERO
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EDM Measurements Always Measure Frequency
Ex: Spin Precession Of A Spin-1/2 Particle

— — —
B E B
- e - I B
’..- "'.‘\\ ,’.—- ~\\
\ K \
\ ,’ \
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/ \ /
- -
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\\. -ﬂ‘, \\. -ﬂ‘,
h-.___ﬂ’ h-__ #’
q
E

hvup — Z(ﬂBup + dEup) hvgown = 2(UBdown — AEdown)
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EDM Measurements Always Measure Frequency
Ex: Spin Precession Of A Spin-1/2 Particle

=|ldeal: By, = Bgown = B and E,p, = Eqown = E

2(W+ dE)—ZCKB—dE) 4dE
Av = Vup — Vdown — h — T

*Reality: B, # Bgownand Eyp # Eqown

@ 2d(Eyp + Eqown) %a(Egp — E5own) + Others
h

Av = Vup — Vdown =

False EDM Signal
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Systematic Effects In An EDM Measurement

‘ZHAB"l' 2d(Eup T Edown) T %a(E&p - Eéown) + Others
Av = Vup — Vdown =

= Nonzero AB, or transient fields
* Characterize B fields

n
+HV\m
nara . ? ﬂ
« Minimize external fields [
* Limits statistical precision
=
E

ool

» Imperfect field reversal

» Poignant if magnitude of E field is not the same -

N )

| [
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Statistical Sensitivity Of An EDM Measurement

1 O4 h
O' v — > — —
2nt /N, 2{5\/ £Ng TL
Spin precession observation time \
(Interrogation Time)

Total number of
1 \ probed particles

Total integration
time

Number of Av

Average E field
measurements

magnitude Experimental efficiency
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Magnetic shields

Wollaston
prism

Vessel

Gold Standard: Hg-199 EDM Search

Electrode

= Highest precision atomic EDM
* Mercury vapor cell
* Frequency resolution ~ nHz

« Systematically limited by 10nm scale motion
of vapor cell

 Further improvements nontrivial

* To achieve a better limit, need entirely
new techniques

The best limit on atomic EDM:
EDM(19°Hg) < 0.074 x 10728 e-cm (95% C.L.)

SM estimate: ~1034e-cm
Graner et al. PRL 116:161601 (2016), Chupp et al. RMP 91:1 (2019)
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Octupole Deformed Nuclel

Typical perception of nuclei One realistic representation

Jahn Teller
effects

Microscopic
shell effects

Cern (2020)
https://cds.cern.ch/images/CERN-HOMEWEB-PHO-2020-012-1
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225Ra: enhanced sensitivity to T-violation due to pear-shaped nucleus

(er’z) B (r*) (ez)

= Atomic EDMSs induced by Nuclear

S, = 10 G Schiff Moments (NSM)
AT AL ARANL « Schiff PR 132:1937 (1963)
S = (W, 5. [#y) = Y (2015 o] (¥l Ver [¥o) | .
k#0 —= Nearly degenerate parity doublets
 Haxton & Henley PRL 51:1937 (1983)
Parity Doublet

= Large intrinsic Schiff Moment due to
octupole deformation
* Auerbach, Flambaum, & Spevak PRL 76:4316

Total Enhancement Factor:
EDM (%25Ra) / EDM ('%°Hg)

Skvrme Model | Isoscalar Isovector (1996)
s | we e NUnknownp-gT.
M Violating physics!
SLy4 700 9000

225Ra: Dobaczewski & Engel PRL 94:232502 (2005)
199Hq: Ban et al. PRC 82:015501 (2010)
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The Laser Trap Ra EDM Experiment (Argonne/MSU)

22°Ra atomic EDM measured Beam Focusing .
less than 1.4 x 10—23e cm  [Radiom (Transverse Cooling) B»\E» Héigehczgl(’;ege
(95% confidence upper limit) Oven

Beam Slowing
(Zeeman Slower)

Bishof et. al. PRC 94:025501 (2016)

2 LN
0
\\‘\V/
V)5 Magnetic
Shielding
+
Magnet Coils

= Argonne/MSU Collaboration

* Gordon Arrowsmith-Kron, Himanshi,
Aiden Boyer, Jaideep Singh

Load oven with radium
Heat oven to ~500 Celsius Pumpy/Probe Beam
(Optical Pumping &
Focus atomic Ra beam Shadow Imaging)
Atom Transport Optical Trap
Slow Ra atomic beam ("Bus” ODT) ("Holding” ODT)

Atom Collection

Trap atoms in 3D MOT (MOT)
Overlap with laser for ODT

Completely statistics limited

N o bk W N

Translate ODT focus to
measurement region Several upgrades underway
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Planned Upgrades To The Laser Trap Ra EDM Experiment

Current Limit (e*cm) Goal Sensitivity (e*cm) Reference
Ra-225 1.4E-23 1E-28 PRC, 94, 025501 (2016)
O-d h N,: Number of atoms measured T: Total time of experiment

E: Average Electric field strength  0,: EDM statistical uncertainty

N 2 E \/ E N TT 7: Spin precession time ¢: Efficiency of experiment
\/ m a

Upgrade | Variable | Factor of Improvement Effect on Sensitivity
E ~ Factor of 10 larger E, better systematics ~10
W N, ~ Factor of 60 larger N ~10
QND — £ ~ Factor of 1000 more photons scattered ~ 100
Spin Precession T ~factor of 5 higher spin precession time ~3*
_Ilsotope Harvesting I T New source of Ra-225 gi\_/es more total measurement ~3**
time
*Qur colleagues at USTC have demonstrated higher precession time **Will have a steady supply of Radium for experiment
W
MSU v
Argonne
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Sourcing %°Ra From FRIB’s Isotope Harvesting Program

;90% o P”maav Abel et al. NIMB 478 (2020)  Collection on Cation Elution from Evaporation
m n . . .
cam s dnfise < Exchange Resin Bed  Collection Resin Bed and
Dipole | F T Collect HNO Redissolution
Magnet : radionuclides of | ‘ 47Cg2+ \3
interest — Water-filled
Ca Target 42,43,44,45K+
> Cation 27,28\g2+ o oo°
Isotope Harvesting “ — °
Water System Recovery of CO'IRI:;:;‘.rl]on 24N g* \ °
il " EinmkE 92% to 99% B 44m,46,47,485c  Cation mixture
I T T————— of 9Ca Water system Abel et al. ACS Omega 5:43 (2020)
Secondary beams
Eventual Goal: Current Goal:
‘ < H,0 H,O
&, Toranoy, [ [szrc [ Ra * ) camoy, 5 f3s0c
Ra-225 Ca
FRIB

Similar electronic structure to %?°Ra + not radioactive = good stable surrogate
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Isotope Harvesting Efficiency Studies With Atomic Beam Fluorescence

ABF: Load an oven with sample B Bake sample into atomic beam B Talk to atomic beam with lasers

Ca Scan 05/02/2024, Oven Temperature ~450C, Wavemeter Calibration Offset = +.5 GHz

18 ) ; . — Ca-
—— Peak Scan Power: 0.5839030108985559, First Scan Naturally abundant calcium Ca-40
—— Peak Scan Power: 0.9048111284859633, Second Scan . K — Ca-42
—— Peak Scan Power: 1.9297183711309964, Third Scan Wikipedia  CaddF=op
el Peak Scan Power: 1.3810227919238094, Fourth Scan 40Ca: 96.94% Ca-43F=7/2
—— Peak Scan Power: 3.9080371076076195, Fifth Scan 44C8.: 2.09% : E::i F=5/2
Ca-48
14
12
N
I
=
— 1.0 —
o
T
o
=
8
8 .
Next steps: background
reduction to
6 B ¥ rve Ca-44
4 4
- [
ey s ﬁ——h
. /
Proportional to >4
number of atoms 0.5 e 05 10 15

Detuning from Ca 40 (GHz)

exiting oven 1p, Transition (709078.373 Hz, 422.8 nm)
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High Voltage Development

|} -ﬂ — I _
Wall Cabinet-W3 Wall Cabinet-W4 3

High Voltage Divider (HVD)

Bi-polar j Gap: 2.3 £ 0.1-mm n
e >-M=—1OO + 0.007
_l --/‘_— {Edown) —

Uni-polar o

Higher Voltage

Mechanical path switching
+60 kV Effectively “field reversal”

s

- New HVD,
o target ~ 10ppm

|

Gap: 1.0mm A. Boyer, First Guidance Committee Meeting, 2024-05-06, Slide 18



Currently: Investigating Leakage Currents In Relays

PA vs Vmon HV ON and Relay Connected, Sequential

. PA Current Ramp up

=  PA Current Ramp down
—— Fit Line (Ramp up)
——— Fit Line (Ramp down)

| | | | | |
o o o o o o
o o n in B ®
wm o w o w o

Avg PA current(pA) GPIB

* 00 ENERED SERe Bees ¢

—0.70 A

—0.75

Vmon (W)

= Quantify resistance through relays to determine if they limit
experimental sensitivity

« Commercial supplier gave estimate
 Our own estimate: R~ 10120

= Slope proportional to relay resistance
» Slope (ramp up): —6.583x1071° A/V + 2.614x1071> A/V
» Slope (ramp down): —2.12x1071> % + 2.614x1071> A/V
« R~10%Q
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Polar Molecules As An Ultrasensitive Tool For electron EDM Searches

ACME
Andreev et al. Nature 562:7727 (2018) ThO Molecular Beam
. . Interaction region
= Internal molecular electric dipole moment JBuffer Gas -
al Ig n m e nt ThO, Target >tem I-eglionl " re?:aetio nglg Cpnf(;'eisli-oﬂr"ls
208 KVacuumChamber | \Rotational M?;fﬁ#neaﬁﬁzm ' l

——
= N

Light collection

70K Blackbody Shield || Cooling
4 K Cryopump

‘ '; vt
ffer

T
B2e

= Control systematics
* Molecule dependent internal co-magnetometry

e
(e e%e s s o T T N

T
s —

Neon Buffer Gas

= Diatomic polar molecules have large ~ - o -
Internal electric fields (~100 MV/cm for ! —EQ J
nUCIeI) ' 5 layers of magnetic ;?zlr(:lztic .y ¥ 7
» Kudashov et al. PRA 87:020102 (2013) .
» Kudashov et al. PRA 90:052513 (2014) : X
» Typical lab fields (~0.3 MV/cm) e N
* R. Ready et al, NIMA 165738 (2021) 1 -
“ JILA
- HfF* Ion
Roussy et. al. Science 381:6653 (2023) e seam B Beam
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Implanting Molecules With Pear-shaped Nuclel In Cryogenic Solids

* Improved statistics
« Efficient trapping of many different species (N,)
* High number densities (N,)
« Stable, chemically inert confinement (T)

= Control of Systematics

* Orientation locking of polar molecules along crystal
axes believed to be possible Vuthaetal., PRA 98:032513 (2018)

» Laser accessible J.T. Singh Hyp. Int. 240:29 (2019)

» Challenges:
« Quantum control in rare gas solids
* How do we form these molecules?  J.T.Singh DOE ECA2018
* How do we implant them into solids? Ballof et al. NIMB 541 (2023)
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The FRIB-EDM? approach:

Step L—— Decreasing pressure

Electrospray Deflector
probe ~10-3 Torr gl ~10- Torr ~107 Torr
= Jiee——di=——Li
! e =

~40 Tdrr B ~1 Torr
loh funnels

H@W Pumping
t station

F

Octupole Quadrupole
ijon guide mass filter

v

l{|—lIL
110] 50T~

i

£ 225R5_1 ACI_UQOUS 480 nm _H Rydberg Charge
solution in HF il exchange cell

1

&y |**RaHarvesting
Fre from FRIB

Isotope Harvesting

138Ba Aqueous solution B a
iIn HF for future testing

Deposition in
solid noble gas
and imaging chamber

Xany)
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Step 1: Producing Molecular lons With Electrospray lonization

Spray gases

* High DC bias (1-3 kV) to produce plume of charged
droplets

» Desolvation by spray gases, electrostatic repulsion

» Gas-phase ions drawn to heated entrance capillary

Metal probe _
by DC gradient

control

Flow 1 lon evaporation
control Solvent ' Fission model
i evaporation p (54 @
> 3 @ @
m': 3 .| Charged residue
Flowrate: ] ' o model
60pL/hour Charged droplet
| from electrospray Rayleigh limit
| Tang et al Encyclopedia of Spectroscopy and
Syringe with 22°Ra solution Syringe Pump Spectrometry 476 (2017)
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The FRIB-EDM? approach:

Decreasing pressure

Electbspray Deflector
probe ~10 Torr @ ~10-° Torr ~10°7 Torr
=l ] 1 | 1
g ] g e— 5
~40 Torr l ~1 Torr
=[5
lon funnels Octupole  Quadrupole I
Step 2.1 ion guide mass filter o
el PUMping S
station = |
t — =
L 2?°Ra Aqueous 480 nm H Ryberg Charge
E - 780 nm =
solution in HF il exchange cell
&, |?®RaHarvesting ’
Isolop'ZIIQ-IIaBrvesling from FRIB DepOSItIOn |n
138Ba Aqueous solution -7 solid noble gas

iIn HF for future testing and imaging chamber

Xany)
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Step 2.1: Filtering By Mass-To-Charge Ratio (lon Funnels)

NI Apied B electric fieid (Esel 1]
D e nmnmmmu

eeeee

A. Boyer, First Guidance Committee Meeting, 2024-05-06, Slide 25



The FRIB-EDM? approach:

Decreasing pressure
Electrospray Deflector
probe ~10-3 Torr 10 Torr ~107 Torr
= Jdi=——1J4 iy
1 == o)
~40 Torr | ~1 Torr
lon funnels Octupole uadrupole =l I
ion guide  rhass filter 5
Pumping  Step 2.2 S
station 3 |

i

1

g 225Ra Aqueous 480 nmn _.H Ryberg
solution in HF il Charge
t exchange cell

'

&y |**RaHarvesting
Fre from FRIB

Isotope Harvesting

138Ba Aqueous solution B a
iIn HF for future testing

Deposition in
solid noble gas
and imaging chamber

Xany)
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Step 2.2: Differential Pumping With Octupole lon Guides

Octupole rod Octupole rod
Vp,=2119 V V= 2119V, 180°
out of phase

Octupole
" Housing
0
LJ’C‘
Entrance plate Exit plate
> 7
‘ 219 mm '

Mass Spec Pro
(http://www.massspecpro.com/technology/ion-optics/multipole-ion-guide)
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The FRIB-EDM? approach:

Decreasing pressure

Deflector
~103 Torr ~10° Torr ~10;7 Torr

= e ]

=1 e [ —

Electrospray
probe

~40 Torr | ~1 Torr

lon funnels Octupole | Quadrupole =[5 I
ion guide | mass filter o
Pumping Step 2.3 )
‘t station B !
[t | |
e 2°RaAqueous LU Ryberg
solution in HF U Charge
exchange cell

'

&y |**RaHarvesting
FRIB from FRIB

Isotope Harvesting

138Ba Aqueous solution B a
iIn HF for future testing

Deposition in
solid noble gas
and imaging chamber

Xany)
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Step 2.3: Isotopic & Molecular Selection with A Quadrupole Mass Filter

= Quadrupole and Octupole operated similarly
Extrel QPS Quadrupole Power Sup

= Goal: More compatible controls
* No computer control with commercial option

= Control with LabVIEW software and National

Instruments DAQ
* Better data visualization

 Control voltages similar, but not the same
» Not all commands for quadrupole used for octupole

rs Manual

OUTPUT | READBACK | QPS On |
Mass Command High J0.00 Il].[l] Enable @
Quadrupcle Pole Bias 0.00 Ii].[l]
Quadrupole Delta M §0.00 Jo00 ‘Quadrupole DC @]
Quadrupole Delta Res 10.00 Iﬂ.[l] Enable @

Quadrupole DC |0.00

QPS Fail 0.00

Cuadrupole DC Reverse 0.00
Vacuum OK |0.00

QPS On 40.00

THT

Mass Command (J208) Iﬂﬂ]
Positive Pole DC (J208) 10.00
MNegative Pole DC (J208) 0.00
Circuit Coemmeon (1208) 10.00

il

[teration Time (ms) | 100 Loop Count 0

data file name

data file save path
T I\ projectsispinlab_data\ EDM3\extrel-octupole-psutauto

appended save path
%

|DC Pole Reverse O|

Enable (__®

OPs OK

=
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The FRIB-EDM? approach:

Step 2.4
Decreasing pressure
Electrospray Deflector
probe ~10 Torr | ~10° Torr [ +10;" Torr
2 Ji—=d
g e [—— o]

~40 Torr | ~1 Torr

lon funnels Octupole Quadrupole

ijon guide mass filter

=
101 50T~

Pumping
t station |
=

L ?*RaAqueous 480 "mnmzn = 1| Rydberg Charge

solution in HF il exchange cell

&, |?®RaHarvesting ’
Isolop'ZIIQ-IIaBrvesling from FRIB DepOSItIOn |n
138Ba Aqueous solution nla sol(;d. noble gai ]
in HF for future testing and imaging chamboer

Xany)
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The FRIB-EDM? approach:

Decreasing pressure ”
Electrospray Deflector
probe ~10-3 Torr gl ~10- Torr ~107 Torr
=l B ] ] ] 1]
ol | [ —| S
~40 Torr [ ~1 Torr
lon funnels Octupole  Quadrupol !
ion guide mass filter o
Pumping oL
station = |
1 Step 2.5
7 225Ra Aqueous 480 nm ! Rydberg Charge
i LAY 780 nm = =0
solution in HF il exchange cell

1

&y |**RaHarvesting
FRIB from FRIB

Isotope Harvesting

Deposition in
solid noble gas
and imaging chamber

Xany)
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The FRIB-EDM? approach:

Decreasing pressure

Electrospray Deflector
probe ~10-3 Torr gl ~10- Torr ~107 Torr
= Jiee——di=——Li
! e =

~40 Torr i ~1 Torr
lon funnels

F

Octupole Quadrupole
ijon guide mass filter

[
110] 50T~

Pumping
t station |
L+ “*°RaAqueous 480 "mnmzn = || Rydberg Charge
solution in HF il exchange cell Step 3
&, |?°RaHarvesting ’
Isolop'ZIIQ-IIaBrvesling from FRIB DepOSItIOn |n

solid noble gas
and imaging chamber

Xany)
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The FRIB-EDM? approach:

Decreasing pressure

Electrospray Deflector
probe ~10-3 Torr gl ~10- Torr ~107 Torr
= Jiee——di=——Li
! e =

~40 Torr i ~1 Torr

F

lon funnels Octupole Quadrupole
ijon guide mass filter

Pumping
station

v

l{|—lIL
110] 50T~

i

1

£ 225R5_1 ACI_UQOUS 480 "mnmzn = 1| Rydberg Charge
solution in HF il exchange cell

1

&y |**RaHarvesting
Fre from FRIB

Isotope Harvesting

138Ba Aqueous solution B a
iIn HF for future testing

Deposition in
solid noble gas
and imaging chamber

X'/
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Current Funnel Test Stand

lon filtering
(Funnels,

Syringe Pump Octupole, RGA)

Electrospray probe

Isopropanol + water

AAAA,
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100 -

lon Current (pA)
o
raal

RF and DC off

lon Funnels Work Well!

RF and DC on

) = Stable ion beams are possible

'

« Can be used during installation to test ion optics
» Optimizing applied bias

= Challenges:
 Low reproducibility

 Lack of control over positioning and probe
alignment

* Moving forward:
* Re-design electrospray
« Acquire parts to finish assembly
* Development measurement scheme for NSM

0.1 +——1——1—

FRIBE»

5 7 9 10 12 14
Time (minutes)

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University

15

: » Need to understand RaF/BaF spectroscopy to
17 identify science state

Research Discussion, November 2, 2023, Slide 35



Thank You For Your Attention!

» Matter-antimatter asymmetry cannot be explain with currently observed CP violation

= EDMs are a powerful tool for probing additional CP violation sources for BSM theories at a
table-top scale

= Octupole deformed nuclei offer enhancements up to 103 when compared to 19°Hg

= ANL/MSU RaEDM Laser Trap statistically limited, but believed to be capable of 10~%8e-cm
sensitivity; MSU working on High Voltage and Isotope Harvesting upgrades

* Forming polar molecules with octupole deformed nuclei could provide statistical enhancement
and improved systematic control

» FRIB-EDM?3 aims to embed these molecules into noble gas crystals for a high precision
EDM/NSM measurement

Special thanks to:
Gordon Arrowsmith-Kron, Meyhar Dudeja, Yoann Gueye, Himanshi, Karina Martirosova, Ange
Ntivuguruzwa, Nicholas Nusgart, Erin White, Adrian Yearby, Sebastian Miki-Silva ...

and to our collaborators at CERN, York University, University of Toronto (EDM?3)
and Argonne National Lab (RaEDM)
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EDMs help constrain Beyond Standard Model (BSM) Theories

Berkeley London

Exp: Yale/Harvard (2018)

2002 2011 Theory: St. Petersburg/Toulouse (2016)
| | Exp: JILA/Boulder (dec 2022)
Multi- Theory: Toulouse/St. Petersb. (2017)
Higgs
1
Left—Right Extended
Symmetric Technicolor
|
| .epton—Flavo
Changing
|
Split SUSY S@l
1
SO(10) GUT Alignment
1
Seesaw Neutrino Yukawa Couplings
L1
Accidental || |Appro Approx. Exact
Cancellations CP Universality Universality
|
Naive SUSY || | cpofood
| e
| | | | | I |32 |33 |34 |35 |
—-25 -26 —27 —28 —29 -30 -31 - - - - -39 —40
10 10 10 10 10 10 10 10 10 10 10 10
de (e cm)
Fleig, 2024
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Multiple CP Violating Sources Contribute To EDMs In Different Ways

Chupp et al., 2019
Sources of CP-violation

)
Fundamentaltheory | § CKM SUSY Multi Higgs LR-symmetry etc. |
T ey A A ! . .
Particle Physics Theory
P S———— . R —— . Effective Field Theory
Wilson coefficients : Cioer Cogg(1:8). Cpy dyq d,;  semileptonic  d, E
‘-* ----k ---------------- L LAA LA L A L L A b L " AL A A L L JAJ r- .
Lattice QCD Theory d. = C
| I al ] ]
e Tacley WO - . Nuclear Theory -
Low energy parameters gl g (gnz)' '\ Cp CLO E + Ji

Nuclear Experiment
For system i, contribution j

,,,,,,,,,,,,, Atomic Theory
______ O ] +

Atomic Experiment

Nucleus level

Molecular Theory
Atom/molecule level Molecu.lar Exp.eriment
Radiochemistry
...EDMs
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Permanent Electric Dipole Moments (EDMSs)
Explicitly Time-Reversing The Hamiltonian

= An EDM is a measurement of separation of charge Quantity P (Parity) | T (Time-reversal)
U*) j Even (+) Odd ()

d = prQdST = dT B Even (+) Odd (-)
Lo Lo E Odd (-) Even (+)
L = 2 o (u/ -B+dj-E) [.B Even(+) Even (+)
H=—(i-B+d-E)=- ] ;Z Odd ()  Odd ()
ooy - _@TU-B+d[T(-E)]) _ _ (+D( - B) +d(=D( - E))
70 == J o ]
T(H) =— (,u(] . Bg(] . @ - = EDMSs violate T symmetry

CPT Theorem: T-Violation = CP-Violation
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Systematic Effects From Magnetic Fields

‘ZHAB"l' 2d(Eup T Edown) T %a(E&p - Eéown) + Others
Av = Vup — Vdown =

* Time-dependent B
« Unstable, Non-zero AB

h
+Hv\m
: ) : _ ®
» Motional B-fields contribute to this r || \
}

» Leakage currents
 False EDM signal via B field from electron motion
 Path dependent
» Changes sign with applied E field

ool

* Imperfect field reversal -
» Poignant if magnitude of E field is not the same

N )

| [
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Investigating Leakage Currents In Relays

Slope (Ramp up): -8.88119748142156826

Offset (Ramp up): -8.5184525276821329

Uncertainty in Slope (Ramp up): ©.887842396493892929
Uncertainty in Offset (Ramp up): ©.84873486873488888
Slope (Ramp down): -8.886361197981824371

Offset (Ramp down): -8.6926985873189889

Uncertainty in Slope (Ramp down): ©.887842396493892929
Uncertainty in Offset (Ramp down): ©.83947362279435842

PA vs Vmon HV ON and Relay Connected, Sequential

—0.40
* PA Current Ramp up
= PA Current Ramp down
—0.45 7 Fit Line (Ramp up)
Fit Line (Ramp down)
o —0.50 -
o
(] I - . . . 2 -
— [ ] .
= —o0554 . : . : g
= i It HEE Y i - s . 18
5 8 ] l i g ° i : -
£ ’ i - |
o —0.60 4 i
£
g
< —0.65 I i i
H
- | ' . . ] !
S N R RSP S S 2 A BN AN B
—0.70 A s = 3 3 1 L
t ; . - @ M :
. o L I ]
—0.75 T T T T -
2 4 6 8
Vmon(W)

Slope (Ramp up): ©.813291636228117477

Offset (Ramp up): -8.7583726252398886

Uncertainty in Slope (Ramp up): ©.882288686194644498
Uncertainty in Offset (Ramp up): ©.812381588163334289
Slope (Ramp down): ©.814695888743254528

Offset (Ramp down): -©.7188381534788931

Uncertainty in Slope (Ramp down): ©.8822808686194644498
Uncertainty in Offset (Ramp down): 8.811869554878273699

PA vs Vmon HV ON and Relay disconnected, Simultaneous

—0.4
=  PA Current Ramp up
=  PA Current Ramp down
Fit Line {(Ramp up)
—0:51 Fit Line (Ramp down) ] i :
& 0
G}
= —0.6 I
=2
s
v
E
2
—0.7
g
g
: i !
o8 g —
.
-0.9 T T T T T
o 2 4 6 8
Vmon(V)

Slope (Ramp up): ©.881631115157426319

Offset (Ramp up): -©.6279872851558691

Uncertainty in Slope (Ramp up): 8.8027363274576187997
Uncertainty in Offset (Ramp up): ©.814212843557586753
Slope (Ramp down): -©.884288687789964285

offset (Ramp down): -8.6616168248577882

Uncertainty in Slope (Ramp down): ©.8827363274576107997
Uncertainty in Offset (Ramp down): ©.812854321729914487

PA vs Vmon HV ON and Relay disconnected, Seguential

—0.40
* PA Current Ramp up
—0.45 * PA Current Ramp down
Fit Line (Ramp up)
Fit Line (Ramp down)
—0.50 4 *
[aa]
&
— —0.55
<
=
T —0.60 -
E
3
I+
£ -0.65
2
<
—0.70 1
-0.75
—0.80 T T T T T
0 2 4 [} 8
vmon(V)

Slope (Ramp up): -68.97627444678523

Offset (Ramp up): 144.72816844769715

Uncertainty in Slope (Ramp up): 1.186621521943295
Uncertainty in Offset (Ramp up): 6.74488286836768875
Slope (Ramp down): -25.828828249997774

Offset (Ramp down): 66.8966488198835

Uncertainty in Slope (Ramp down): 1.186621521943295
Uncertainty in Offset (Ramp down): ©.417749113849819

PA vs Vmon HY ON and Relay connected, Simultaneous

[ e e e 1 Sl Syl Sl S gl S gl S g8t g8t g8t Se

[==]
o
[}
= —200
=
=
v
=
S
= —400
4 -
=

_600 4 = PACurrent Ramp up (B

= PA Current Ramp down &
Fit Line (Ramp up)
Fit Line (Ramp down) .8
—800 ; ! | | |
o] 2 a4 6 8
Vmon(V)

= Quantify resistance through
relays to determine if they limit
experimental sensitivity
« Commercial supplier gave estimate
 Our own estimate: R = 3.3 x 1020

= Slope proportional to relay
resistance

- Data (1 Relay) suggests R~101°(Q)
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Isotope Harvesting Efficiency Studies With Atomic Beam Fluorescence

photo-sensitive active arex

= How can we characterize bandpass ﬁltern%m"“’dete“‘“ b g
What We’d get from ISOtOpe oven nozzle 4 = ;dV"microcube"
Harvesting? 7] I 5
e Load Sample z E Y. dV =V "megacube"
* Produce atomic beam . o

) : high vacuum (l’lamber

* Fluoresce atomic beam - 4 4
« Compare to a simulation X | Auneable Ti:Sapphire laser
» Characterize angular . aserielpont

distribution, atomic flux

= S0 far:
» Assembled oven
» Acquired metallic calcium
» Restored laser functionality

» Successfully Flouresced
atomic Calcium
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Blue Slower Scheme: More Atoms Trapped In 3DMOT

Atomic Beam Speed Distribution

0.0035
'*(%\ 0.0030
S o0ons
D 0.0020
"Red Slower" £ oo
758 P, = 0.0000 T
3 ol 6 10 200 300 460 560 600 700 80
S |Eer ] Atomic Speed (m/s)

712 nm
698 nm

New maximum capture
speed: 300 m/s

More lasers = more $$$
Funded generously by
DOE office of physics

483 nm

757;:>ISU —
Shorter lifetime gives more opportunity

"Blue Slower" to atoms to be slowed
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Improved Spin Detection Efficiency: Quantum Non-Demolition (QND)

0.45 mm
probability of absorbing probe light and creating a shadow: Pump/Probe s LA L2 h(A¢)
2 —_—
0% 50% 100% 50% 483 nm & . 1 d= AET
O O ® O B o

4 4 A A

> I

A Parallel Data
= Parallel Fit

\

Population Fraction
f=J

(i,

* el = - Aniparle i
! i 1550 nm Q 5 il 8g22:la
P:i(;l:xi sA;i(:\m B-field & E-field point into or out of the screen Spin precession measurement 20 0 .})8 (ms)zo 0 40
increasing time done by shadow imaging
Current scheme Proposed scheme
8 l--- '--- l---
S ’ ¢ f lc:3/2, mp)
2 6s6p P — |e; 1/2,my) 0 e
- ' < Q. ¢TI
Q +/ S
e o @ o
E q:;.;' ' = - le:3/2, mfg)
8 \4 83
23 65218 | g 1/2,my) o 3 / /0,3 Te
e 0 | 1 F g /
N g =i e > 8 e - lg; 1/2, mpr)
<< < < & << £
= o N 3 1 1 3

—ta i oo R sl

2 2 2 2

Only ~ 3 photons scattered per atom
y P P ~1000 photons scattered per atom
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lon Funnel Simulation Parameters

H

W
|
|
H,0"

H [AppicalDic eleciric il (et m,i

il

v' RF effective
A AA potential

e

Temperature: 273 K
RF Frequency: MHz
RF Amplitude: 120 V
DC Field: 15.3 V/cm
Ambient Pressure: 0.5 Torr
m/z: 18

Ty §8 M0 2R S 0wk

LLE L L. Y

I

225R3 ""

S e W

.':'."’j o

Mgl ey

(i

Temperature: 273 K
RF Frequency: MHz
RF Amplitude: 120 V
DC Field: 15.3 V/cm
Ambient Pressure: 0.5 Torr
m/z: 244
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Transmission Probability

1.0

=
0o

&
o )

&
-

&=
(V)

0.0

lon Funnel Simulation For Varying Mass-To-Charge

Transmission vs Molecular Mass (Charge 1)

R

Vs =50V, Epc = 15.3.%

—+— 0.5 MHz, 1.00 Torr
1.0 MHz, 1.00 Torr

—=— 2.0 MHz, 1.00 Torr
—+— 4.0 MHz, 1.00 Torr
- (0.5 MHz, 0.10 Torr

—+— 1.0 MHz, 0.10 Torr
—=— 2.0 MHz, 0.10 Torr
—+— 4.0 MHz, 0.10 Torr

I I

150

RaF o
i
200 250 300

Maolecular Mass (amu)
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Neutralizing Molecular lons With A Charge Exchange Cell

= (Alkali) Charge exchange cells are a
conventional method of neutralization
 Typically use alkali atoms
*A+B*2>A*"+B

* Problem: need both
* High efficiency (don’t have much 22°Ra)
» Low contamination (~ 1 ppb — 1ppt)

= Very difficult to satisfy both at same time

= Solution: make the alkali atoms bigger
* Rydberg atoms: have 1 atom in high n

Ideal Contaminant Flux / Argon deposition flux (au)

Estimated mean free path (m)
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Ideal-Gas Contaminant flux at target / Argon deposition flux (100um/hr) vs Temperature
(distance=0.2 meters) from Charge Exchange cell

. Charge Exchange Material
Note: ideal-gas flux ~ — wmium
. Sodium
overestimates true flux — . ccium
atlow T because of ~ — fbdum
St|Ck|ng & CO||ImatI0n —— Max Contamination [Science]
Max Contamination [Spectroscopy]
200 300 400 500 600 700 800 900 1000
Temperature (Pa)
Estimated Mean Free Path vs Temperature in Charge Exchange cell

Charge Exchange Material
—— Lithium
Sodium
—— Potassium
—— Rubidium
—— Cesium

Note: cross section estimated
from hydrogen in nitrogen (we're
at very low kinetic energy
[usually ~keV])

T T T T T T T T T
200 300 400 500 600 700 800 900 1000
Temperature (K)




Neutralizing Molecular lons With A Charge Exchange Cell (Pt. 2)

* Rydberg atoms: atoms with 1 or more Rydberg charge exchange cell rough
electrons in h|gh N orbital layout (adapted from J. Ballof 2022)
. Laser: 780 nm,477 nm
* Physically large (r «c ayn?) s
* Low binding energies
« Have enormous charge exchange cross sections
o« N*a - can easily be 10000x ground state o)

= Use visible / IR lasers to excite, don’t need
high power (only ~10 mW each with 2 lasers)
[cite arc]

» Can use even less power with more lasers B Lol
L
= Enables high efficiency with low number L
density (low temperature) S
« Results in much less contamination c
At low temperature, atoms tend to stick to walls g 10

instead of bouncing - further reduces 20 4'0

orop 60 80 100
contamination

Rydberg Level (a.u.)
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Co-deposition using the pSAM technique

: Ada ted from Ben Loseth
» Plan to co-deposit the polar molecules as the argon P

film is grown %
g Gr(-)w-th rate < 100 um/hr Holder
trate Laser /

* Limited by source throughput Subs

= Target/cryostat chamber design will be based on Argon Light source
existing setup
* Modifications needed

= Temperature ~4K

» Substrate is 17 diameter sapphire Molecules

: : : : : from charge
= Will use a combination of white light sources exchange%e”

and lasers to perform spectroscopy HG1 Spectrum

= Will do both

* Fluorescence measurements

» eX: find out molecular energy levels/(hyper)fine
structure

« Absorption measurements:

» eX: characterize argon films T T T wavelength (nm)
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A Nuclear Schiff Moment Measurement Scheme For RaF/BaF

» Need a measurement scheme to actually perform the experiment
« Which states to transition to and from
* Need to know the rotational-hyperfine spectrum for this

= No NSM measurement scheme for 22°RaF exists

- Furthermore, precise hyperfine structure of 22°RaF is not presently known in published
literature

* MIT group is leading the effort to determine the hyperfine structure

= However, structure of similar molecule 38BaF is known
« Measurements well known  Chem Phys 71 389 (1982)
« 138BaF is simpler: only has one nonzero nuclear spin

= Approach: calculate matrix elements of Hamiltonian in some basis and
numerically diagonalize

« Hamiltonian has two parts “intrinsic” to the molecule

» Rotational, Hyperfine Wikipedia

https://en.wikipedia.org/wiki/Octahedron#/media/File:Octahedron.jpg
* The noble-gas matrix
« Exact potential not known
» Use the well-known “Devonshire potential” as a model PRA 98, 032513 (2018)
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FRIB-EDM? Testing: How Do Desolvation Gases Affect
Molecular lon Beam Stability

To computer

Test 1: Testing effect of gas flow
on molecularion beam stability

Heater I
p—

Location of Measurement

Signal in |J—|
Guard bias
) 6514
Keithley electrometer
+0.000nA

Borrowed from Stefan Schwarz

To computer

M

Funnel 1 and tube lens 1
electrical breakout

-I i

lon funnel 1 off
Isopropanol + water
4

NAAAA,

[
@

I
|

lTo scroll pump
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FRIB-EDM? Testing: Gas Flow Improves lon Formation

lon current at entrance capillary with different gas flow settings

0.75 liters/min I 0 liters/min : 0.5 liters/min
|

800 - ' |
WMW I

Z 600 W

i

= I
@ |
S 400 - =
|
|
200 - 1
|
1
1

] ] ] ]
0 200 400 600 2800
Time (s)
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FRIB-EDM? Testing: How Does Electrospray Probe Position Affect
Molecular lon Beam Stability?

To PC

|J-|Guard bias oET To computer
Keithley electrometer
+0.000nA

Borrowed from Stefan Schwarz

=3 =
b= =

dno Aepeieq

ICond. Limit
Tube Lens

Funnel 1 and tube lens 1 Funnel 2 and tube lens 2
electncal breakout Electrical breakout

IIIIII||||IIIII|I|||||||||||||“| Location of Measurement
sopropanl + vate o] 'ﬂ lon funnel 1 still off

Flow
control

I To scroll pump l To screw pump
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FRIB-EDM? Testing: Electrospray Probe Position Really Matters

Current (pA)

lon current at faraday cup before lon current at faraday cup after
adjusting ESI position, 0.1 LPM gasflow adjusting ESI position, 0.3 LPM gasflow
30 70
SNR: ~1.9
55 00
50 A
20 -
<
£ 40 1
15 - =
&z
S 30 A
J
10 -
20
27 10 -
SNR: ~13
D I I I I I D I I I I I I
0 200 400 600 800 0 200 400 600 800 1000
Time (s) Time (s)
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FRIB-EDM? Testing: Can We Transmit lons
Through The Octupole lon Guide?

Voltage supply

To computer _5 OO V

Signal in
.. I 1 .

Guard bias To computer
. 6514
Keithley electrometer
+0.000nA QPS
Extrel
[1[ ] lll [ l ‘

Borrowed from Stefan Schwarz
Funnel 1 and tube lens 1 Funnel 2 and tube lens 2 e
elach'ical breakout Electrical breakout

RF +/- out

I To turbo pump

RF +-

_| 'FH'F"-,E

To scroll pump To screw pump

To computer

To turbo pump

ontrol
i

Isopropanol + water

= m
| F
I _l v our|
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FRIB-EDM? Testing: Modifications Were Needed
To Get lon Currents Through The Octupole

) i lon current at the octupole ion guide rods, -20 VDC octupole rod bias
* Funnels 1 and 2 installed and working p

* lon currents through these funnels possible 601 ES| ! ES| On
= |nitially, no ion transmission through octupole ion .| | Off

guide

* lon beam divergence before octupole
» Optimal RF unknown

= Connected octupole rods to DC bias
» No focusing effect

» Next: Apply RF and characterize transmission

40 -

30 4

Current (pA)

20+

10 4

[ |
I I I I I I I I
0 25 50 75 100 125 150 175
Time (s)
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Private Portion Of Meeting
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This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear Physics and used resources of
the Facility for Rare Isotope Beams (FRIB) Operations, which is a DOE Office of Science User Facility under Award Number DE-SC0023633.
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Quarterly Goals, Present — May 2025

» 2024 Q2 (Now — June):
* Literature review of sub-ambient pressure nanoelectrospray

= 2024 Q3 (July — September):
* Preliminary design of new electrospray source based on review

» 2024 Q4 (October — December):
» Modifications to design, acquisition of parts, assemble nanoelectrospray source

= 2025 Q1 (Jan-March):
« Commission new nanoelectrospray source

= 2025 Q2 (April — May)
» Optimize new nanoelectrospray source
« Compare performance to initial source
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PhD Timeline

= 2024-2025
» Design & fabricate nanoelectrospray ionization source (improve reproducibility of ion beams)

= 2025-2026
« Commission & optimize nanoelectrospray ionization source
» Design molecular spectroscopy cryostat

= 2026-2027
 Fabricate molecular spectroscopy cryostat
* Perform laser-induced fluorescence measurements of molecules in solids

m 2027-2028
* Write dissertation
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