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Searches for BSM physics
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Searches for BSM physics
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‘ Radioactive molecules & EDMs

complementary physics
e parity violation
laser cooling T e quantum chemistry

co-magnetometry \ / e nuclear structure
/ B-field insensitivity -

, _ " nuclear-spin-independent
close-lying opposite

component
arity states —
parity & electron EDM

long coherence time

radioactive molecules molecules
large Eesr CP violating nuclear
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different physics sensitivity & hadronic EDM
systematic spin dependence
229Ra
40M

5/2




Challenges

stable

T|me T1/2: ms -s-min - days - ...

(oo Intensity yields: 1/s to '>10°/s’
, . , . (isobaric) contamination:
whatever it takes Pu rlty 1:0-10 or more

KUK - mK - K Temperatu re ISOL target =2000 °C

cold beams or tapped transport beam: 10s of keV

ACCE|erat0r RIB availability/schedule
Environment ™"

sensitive, high precision Rad iaﬁon Safety limits access to core of

devices apparatus



‘ Challenges: radioactive molecules

Formation Limited Knowledge

N

radioactive molecules

/ \Suitable

Identification Spectroscopy
and Separation Techniques
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S. Malbrunot-Ettenauer: DND 2020 . [] g"‘.‘l




high precision and accuracy

K. Blaum, et al., Phys. Scr. T152, 014017 (2013)
P. Campbell et al., Prog. Part. and Nucl. Phys. 86, 127-180 (2016)
J. Dilling et al., Annu. Rev. Nucl. Part. Sci. 68, 45 (2018)

accurate, .

ion traps
®* masses

 RIB preparations
e mass separation
e in-trap decay
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but not precise

laser spectroscopy
e hyperfine structure

* isotope shifts
« optical pumping

atomic physics techniques at RIB facilities

-~ precise,
but not accurate

atom traps
e in-trap decay

* laser spectroscopy
* APV
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atomic physics techniques at RIB facilities

high precision and accuracy Y o NWT oy N

K. Blaum, et al., Phys. Scr. T152, 014017 (2013) L W = AW | u /
P. Campbell et al., Prog. Part. and Nucl. Phys. 86, 127-180 (2016) \ WUty / ' " - 4
J. Dilling et al., Annu. Rev. Nucl. Part. Sci. 68, 45 (2018) ' : . N

e mass separation
* in-trap decay

short half-lives
T1/2<10 ms

 RIB preparations

* isotope shifts
« optical pumping

Challenges

low intensity

masses: 0.5 ions / h

(Am/m=6-108)

M. Smith et al., PRL

M. Block et al., Nature 463, 785 (2010)
E. Minaya Ramirez et al., Science 337,
1207(2012)

101, 202501 (2008)
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temperature

buffer gas cooling

selected cases of
laser cooling

accurate, . ~ precise,
but not precise but not accurate
ion traps laser spectroscopy atom traps
* masses e hyperfine structure e in-trap decay

* laser spectroscopy
* APV

purity
R=m/Am>5-10°
limited ion capacity

S. Eliseev et al., PRL 110,
082501 (2013)
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‘ Collinear Laser Spectroscopy (CLS)
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‘ Collinear Laser Spectroscopy (CLS)

K. Blaum et al., Phys. Scr. T152, 014017 (2013)
P. Campbell et al., Prog. Part. and Nucl. Phys. 86, 127-180 (2016)
R. Neugart et al., J. Phys. G: Nucl. Part. Phys. 44, 064002 (2017)
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‘ Collinear Laser Spectroscopy (CLS)

K. Blaum et al., Phys. Scr. T152, 014017 (2013)
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ion beam (3)
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laser beam
Fast beams (230 keV) Bunched beams:
c minimises Doppler- reduce background
broadening by gating on bunch
Tl
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the Multi lon Reflection Apparatus for
Collinear Laser Spectroscopy

trap = long observation time = higher sensitivity
—» MOT: atoms

e.g.: PRL 99, 252501 (2007) laser Cooling
—» Paul trap: ions = not universal
e.g.: PRL 112 162502 (2014) |

—p MR-ToF devices

first RIB mass measurements xic oY

F. Wienholtz et al., e\ect\'osta
Nature 498, 346 (2013)
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‘ proof-of-principle experiment

l\:ogul:::: == e modified existing MR-ToF (low beam energy)
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‘ MIRACLS performance
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S. Sels et al., Nucl. Instr. Meth. B 463, 310 (2020)
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‘ MIRACLS performance
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‘ MIRACLS performance
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‘ MIRACLS for non-closed level systems
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‘ MIRACLS for non-closed level systems
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‘ Collinear Resonance lonization Spectroscopy

v st Count ions
High resolution AL M 'MCP
Low background . — *§ MC
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‘ First spectroscopy of radioactive molecules

laser spectroscopy
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'—I
o
o
o

800 -

Counts [a.u]

600 1

400 1

"

13260 13270 13280
Wavenumber (cm™1)
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RaFt

IP < 41453 cm™!

RaF

C2x+ 16175 cm’!
2
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R. F. Garcia Ruiz et al., Nature 581, 396 (2020)




‘ laser spectroscopy of molecules

e cooling of internal degrees of freedom (especially vibrations)
= higher population of the low-lying states
= simpler spectra = more easily identification

e buffer-gas cooling in cryogenic Paul trap:
= overall the gain could be more than x100 in scanning time.
= enables efficient initial state preparation for later EDM searches

RaF spectra

400 K A2H1/2 « X 2%+ 00

oal simulation 1200

Experiment
11

[
o
o
o

0.2 800 1

Counts [a.u]

Normalized Intensity

| 6001
0.1}

400 -

R. F. Garcia Ruiz et al., Nature 581, 396 (2020)
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‘ laser spectroscopy of molecules

RaF spectra
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e buffer-gas cooling in cryogenic Paul trap:
= overall the gain could be more than x100 in scanning time.
= enables efficient initial state preparation for later EDM searches

40K
2.5
2 20
w
[ —
3
c
2 15
N
®
£
2 1.0
0.5

0.0-4s H...‘ﬂ. .le.
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simulation by R. F. Garcia Ruiz

Normalized Intensity

e cooling of internal degrees of freedom (especially vibrations)
= higher population of the low-lying states
= simpler spectra = more easily identification
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‘ cryogenic, buffer-gas filled Paul

‘high’-pressure low-pressure
region . region |}

incoming
beam

eliminates re-heating
(during extraction and
ion acceleration)

|11

operation at 4 K
cooling of ions and molecules
emittance improvement
kgT
595%,long ~ 2T 11'1(20)
Wy
axial and radial laser access

S. Lechner, S. Sels et al, in preparation
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Cryogenic cell for neutral beams

e charge exchange of cryo-cooled ion beam: re-heating?

e cryogenic buffer gas beam cell :  Hot Molecules
= universal tool to obtain cold, slow, high-flux beams o o °,
N. R. Hutzler et al., Chem. Rev. 112, 4803 (2012) ® e oo ©
S. Truppe et al., J. of Modern Optics, 65, 648 (2018) ® ®

= how to use it for radioactives? YAG Pulse

294D
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Cryogenic cell for neutral beams

e charge exchange of cryo-cooled ion beam: re-heating?

e cryogenic buffer gas beam cell :

= universal tool to obtain cold, slow, high-flux beams o

N. R. Hutzler et al., Chem. Rev. 112, 4803 (2012)
S. Truppe et al., J. of Modern Optics, 65, 648 (2018)

= how to use it for radioactives?

cryogenic
cell

cold neutral’'beam
«

electrostatic
quadrupole
bender

ion beam

buffer-gass filled
Paul trap
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Cryogenic cell for neutral beams

e charge exchange of cryo-cooled ion beam: re-heating?
e cryogenic buffer gas beam cell :

_ Hot Molecules

= universal tool to obtain cold, slow, high-flux beams o o °,
T @
N. R. Hutzler et al., Chem. Rev. 112, 4803 (2012) ® e oo ©
S. Truppe et al., J. of Modern Optics, 65, 648 (2018) o ®
o
= how to use it for radioactives? YAG Pulse

cryogenic
cell
cold neutral’beam
4 E—— 2 S
— —— :—‘-)K\:.:_,.}
electrostatic
quadrupole
bender
ion beam . . ] . ]
ion neutralisation close to extraction point:
* magnetic guidance
buffer-gass filled e electric reflection
Paul trap

lll.
Massachesotts

Institute of
Techaology
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‘ formation of radioactive molecules
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formation of radioactive molecules

(Reaction gas/compound 1 )
1
( masﬁ (Reaction gas/compound 2)
I
2% aa gecct RIB RAM 2
g 2 RAM of interest ‘ : of interest ]
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20 RIB C e e e 5 e e @
c w0 i . s Q.
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> E lon Reaction Cell (IRC)
- p* e independent of RIB production
O e well established to form /destroy molecules
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& (LV - chemistry
—
o Zrp Ly - temperature
Y Cyclotron .
) (TRIUMF) - reaction gases
= o . .
(&) “ISOL method” e offline testing and operation
Q@
£

courtesy of Chris R.J. Charles
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‘ formation of radioactive molecules

—)

IRC (ion reaction cell)

Rare Isotope

Beam (RIB) _}

atomic ions

0V

RAM

1S

molecular ions

wn [%2]
N w

'S
SS
9S
LS

RFQ column geometry is

reconfigurable.

Decelerating
stage

lon confinement
& cooling stage (RFQ)

Reaction cell stage
(RFQ)

Reaccelerating
stage
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courtesy of Chris R.J. Charles
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Quantitative
Identification

Beam _} i.e. MR-TOF

other mass

or energy
analyses

Measurements:

- yields.

- Isotope ratios.

- Isotope/molecule ID.
- Trace analyses.
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MR-ToF devices

electrostatic
electrostatic mirror

mass separated
incoming ion bunches

ion bunch

10°

179Ga ion beam energy:
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79R

Mass resolving power (FWHM):
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F. Wienholtz et al., Nature 498, 346-349 (2013)
R. N. Wolf et al., Int. J. Mass Spectrom. 349-350, 123-133 (2013)
T. Dickel et al., NIM A 777, 172 (2015)
T. Dickel et al.Hyperfine Interactions, (2019)
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‘ MR-ToF devices

electrostatic
electrostatic mirror
mirror

T u _ mass separated
incoming ion bunches
ion bunch

maghnetic

f Penning
separators !
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MR-ToF
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‘ MR-ToF devices

electrostatic
electrostatic mirror
mirror —, =3

mass separated
incoming ion bunches

ion bunch

maghnetic

, Penning
separators !

traps

MR-ToF

space-charge effects limit ion capacity to =108/s
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new opportunities for purified RIB
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faster isobaric separation in MR-ToF while keeping high mass resolving power

= higher ion flux through MR-ToF device (‘bypass’ space-charge limits)

= MIRACLS: excellent synergy to development of MR-ToF with high-ion capacit
= jnitial goal: a few pA (ultimate goal: >100 pA)
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‘ Summary & Conclusions

e AMO studies: high-precision searches for new physics

e Radioactive beams & Radioactive Molecules
= intriguing new opportunities for BSM physics
= truly interdisciplinary
= experimental challenges: link RIB and AMO technology

 new developments
= |aser spectroscopy methods

CRIS,  JiMRACLS]|
= cooling methods
- cryogenic Paul trap
- integration of cryogenic buffer gas cell in RIB environment
- laser cooling

= molecule formation

= mass separation and identification
- ...

S. Malbrunot-Ettenauer: DND 2020

294D




MIRAC
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collaboration:
\
team members:

.\-t 3 </‘.

P. Fischer, V. Lagaki, C. Karnitz, S. Lechner, F. Maier, iiivaas: European
P. Plattner, M. Rosenbusch, S. Sels, F. Wienholtz, M. Vilen, {érc 2::::"
R. Wolf, W. Noértershauser, L. Schweikhard, ESneTen:
S. Malbrunot- Ettenauer (Spokesperson) RO

MIRACLS Alumni:
H. Heylen (2018-2020) F. Hummer (2019), e D
L. M. Bartels (2018), F. Maier (2018), L. Fischer
ATTRALT

(2017), F. Stabel (2017), S. Sailer (2017)

- - - Medical
Thanks for contributions to this talk to Applications

S. Sels, S. Lechner, C. R.J. Charles, R. F. Garcia Ruiz \ Z\" Funds
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