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The Simplest Molecules

* Highly calculable with bound
state quantum
electrodynamics (QED)

7 e
* Determination of
fundamental constants
Simple molecules let us investigate the * High precision tests of the
properties of fundamental particles and Standard Model

how they interact

E——

20 May 2026 PSAS 2026 1



Diatomic MHI Observables

A * Single, bound electronic

" energy level
150g \\\ ]pcu
TS eaL * Hundreds of unique

| m—m————— === rotational, vibrational energy
% //’) levels
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\ / * Each level has unique

\U/ hyperfine structure (HFS)
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internuclear distance
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Diatomic MHI Observables
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Status of MHI Experiments

Coulomb Crystal Experiments
 HHU Dusseldorf
* VU Amsterdam

 LKB Paris
* Wuhan
unha i Science 2020
1sa [ \\\‘ 1po
. photodissociation N Ssen
In RF traps, a small number MHI (<100) is > \ e
trapped in a Coulomb crystal of laser cooled o I‘ //’
Be+ ions qc’ \ e
m -»
Detection via photodissociation -> discrete spectroscopy
drop in fluorescence

internuclear distance II ‘
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HD™" vs. H

All lifetimes in H3 are very long > 1 year

+
HD* ensures population is concentrated HD
in the lower rovibrational level 16 ms
v=5§] —m8 —— —_— 17 ms
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natural decay 6s A4S 0-9s
heteronuclear 149 s -
thermal excitation v=0] — ,
N=0 N=1 N=2 N=3 N=4

internuclear distance ”
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HD™" vs. H

@ Multi-ion thermal distribution

o ) + ® Singleion
All lifetimes in H; are very long > 1 year
HD* ensures population is concentrated
in the lower rovibrational level 16 ms
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HD™" vs. H

o ) ® Singleion
All lifetimes in HY are very long > 1 year
HD* ensures population is concentrated
in the lower rovibrational level 16 ms
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New approaches

Quantum state control dramatically changes the experimental landscape
and require new experimental approaches

Quantum logic spectroscopy Penning traps
* Morning talk of Fabian Schmid *  MPIKin collaboration with
« Co-trapped MHI and Be* HHU Dusseldorf
* Quantum control via ground state * “Exoticion” approach using
cooled motional modes species independent state
detection
* Extension in the future to
antimatter H, ‘

20 May 2026 PSAS 2026 8



Penning trap approach

Techniques of precision Penning trap experiments, namely, g-factor measurements
of highly charged ions or antimatter enable optical spectroscopy at the highest
levels of precision.

MHI Campaign at ALPHATRAP

Goals

e External injection and capture of MHI, long-term ion storage (months+)
e Quantum control of single MHI

* Employ quantum control for precision measurement

Flagship measurement:
laser spectroscopy of the (v, N) = (0,0) — (5, 1) transition with sub-kHz precision
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° Heidey erg-
ALPHATRAP Experiment | S
* lons from electron beam ion traps (EBITs)

* Designed for precision measurements of { Ground floor
highly-exotic heavy hydrogen-like ions

not to scale

| Laboratory

* Monday talk from Anton Gramberg

* Isolated, cryogenic environment for weeks-
long storage of Sn*%*

Trap stack (C)

* Optical access for millimeter wave (MW)
electron spin-flip excitations

o
—

* 4 Kimage current detectors for species-

independent cooling and detection

\ ‘
Microwave guide g
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ALPHATRAP Penning trap

Precision Trap (PT)
Highly harmonic, homogeneous
Analysis Trap (AT) trap for precision spectroscopy
Magnetic bottle for spin state detection

—— Axial potential
—— Magnetic field lines
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Quantum state detection

electron spin flip of a single ion

-
3 6
8
o 4F
—— Axial potential y o]
—— Magnetic field lines = 21
2
® -2 : -

-20 -10 0 10 20
v,-334151.9 Hz

* Image current detection of axial motion

Axial frequency v, in a magnetic bottle identifies
the spin state

CoFe electrode
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Ground state HFS of HD*

: Ability to drive electron spin flips uniquely, and
< 9 non-destructively, determines the quantum state
| H=hE;(I,+8¢)+ hEs(Iq+se)

- B &e,bound (B * s¢)
AN
. - UB 8p (B - Ip)
P g - up &d (B « Iy)
DU

= +1
| = +%

transitions
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Trapping and quantum state
preparation of single HD+ ions

VIe® ion 1 ' ' e ‘- au»

ion 8
* External injection and capture of vl L o "B - ¢
HD+ S
%IV e e
* Months-long storage 3 i enm Lo -"%
(0]
3 ion 4 ion 6
e e - [ )
Konig et al. PRL 134, 163001 e ce
I_ L 1 1 ' 1 . 1 ’
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Ground state HFS of HD*

: Ability to drive electron spin flips uniquely, and
< 9 non-destructively, determines the quantum state
| H=hE;(I,+8¢)+ hEs(Iq+se)

- B &e,bound (B * s¢)
AN
. - UB 8p (B - Ip)
P g - up &d (B « Iy)
DU

= +1
| = +%

transitions

‘

20 May 2026 PSAS 2026 15



Precision measurement of the ground
state HFS

Konig et al. PRL 136, 143002

I ——
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Precision measurement of the ground
state HFS

(@) Jebound (0. 0)
* Bound electron g-factor measured to a Hegstrom [27] 2.00227846(20)
L. g [45] —2.002319 304 360 92(36)
precision of 2e-10, compared to new N 0.000 040819 39
. Ad .. ~0.000 000 006 99
theory with excellent agreement Vo RS}
A:qf;‘f) 0.000 000 000 52

5)

Total theory [36] —2.002278 540 70(10)
Experiment ~2.002278 540 96(18),,(35),,

 E, and E: (proton-electron, deuteron-

electron) terms measured to 44 ppb and A(o) 0.6

151 ppb are in slight tension to theory (b) E4(0.0) (kHz) E5(0,0) (kiz)
Theory [6,31] 925394.16(86) 142 287.556(84)
Experiment  925395.758(39)(11),,, 142287.821(20)(8)y,

A(o) 1.9 3.1
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Preparation for laser spectroscopy

* Faster image current detection
spin state readout time: 3 min - 15 s

* UV-FS window replaced with CaF for
improved IR transmission

4 K

window .

«Cryogenic waveguide
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Checking spin flip probability

 JVAVAVISRN BN B

MW Pulse

———
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Checking spin flip probability

Run 2
1.0

—— running SF probability

o g o
IS o )
1 ! )

spin state
spin flip probability

o
[N

: ; ; ; 0.0 ; ; ; ;
0 20 40 60 80 100 20 40 60 80 100
spin flip attempt spin flip attempt

R — | |
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Checking spin flip probability

Run 2
1.0
N 68% Cl
T ] [] ﬂ [ ] ﬂ 7 —— running SF probability
0.8 1 ---final value: 0.30
z
p E 0.6
2 S
c o
a o
0 = 0.4
c
a
]
0.2
g UL | J L
T T T T 0.0 T T T T
0 20 40 60 80 100 20 40 60 80 100
spin flip attempt spin flip attempt
. o o . . Not very!
| How likely is it that we measure O spin flips in 20 trials with 30% spin flip probability? | 0.08 (yy
. o
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Further analysis . Calculate average

excitations
B measured required to drive a
_1 simulation: spin flip
10 constant SF probability
* Compare to
= simulation
= -2
5 10
8
o Conclusion:
o
1073
A model of constant spin
4 flip probability is not a
10 good fit to the data!

0 10 20 30 40 50 60

trials for SF ‘
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Hamiltonian for (0,1) also well

EXpla natiOn known — we can drive ESR

Run 2 transitions there as well!

THnnnrm [[([1

b

+ + o + +
maoah LLioith Lol

spin state

Fhtoht  SHiet

—

Y UL |

0 20 40 60 80 100
spin flip attempt

“dark” periods correspond to population in = (0,2)

excited rotational states (0,0) : L
analogous to electron shelving II‘
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Preparation for laser spectroscopy

300K 4K State

window window Detection
d ppa_r?tusf Run1  UV-FS CaF " slow
modifications = g2 cor P

4 K

window . ‘

«Cryogenic waveguide

l
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Checking spin flip probability

 JVAVAVISRN BN B

MW Pulse

e ———

20 May 2026 PSAS 2026 25



Revisiting spin flip probability

Run 3

1.0
—— running SF probability

o o o
F [=)] (o]

spin state
spin flip probability
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R — | |
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Revisiting spin flip probability

Run 3

1.0

N _ ] 68% ClI
’_ M 1 { —— running SF probability
-=-=final value: 0.46

0.8

0.6 1

0.4

spin state
spin flip probability

0.2 1

0 25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
spin flip attempt spin flip attempt

I ——,,
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Revisiting spin flip probability

I measured

simulation:
constant SF probability

=
o
b

probability
S

HA
)
b

10 15 20
trials for SF
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Thermal radiation brings
population into
rotationally excited
states

Careful design of
cryogenic environment

is important

Ingredients in place for
laser spectroscopy

28



Laser Spectroscopy - scheme

1. Prepareionin (0,0) $ 16 ms
= —_— _— 17ms
v=4] — — 20ms T
v=3] ——4m8—

30 ms
v=2 —e.

50 ms
v=1| —

09s
4s
149 s 16s

v=0 —‘—
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Laser Spectroscopy - scheme

@® successful

(O unsuccessful

1. Prepareionin (0,0)

1 - 16 ms
v=5 —+ PR 17 ms
2. Pro-be the (0,0) —>'(-5,1) - ore T
rovibrational transition —
- 30 ms
50 ms

09s

v
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Laser Spectroscopy - scheme

@® successful

(O unsuccessful
1. Prepareionin (0,0) ¢ 16 ms

v=5 —+ _— 17 ms

2. Probe the (0,0) — (5,1) v=a|

. . .- . 20ms T
rovibrational transition ea -
30 ms
3. Population decays down vl —— 50 ms
v=1| —

09s
16 s
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Laser Spectroscopy - scheme

1. Prepareionin (0,0)

2. Probe the (0,0) - (5,1)
rovibrational transition

3. Population decays down

4. Continuous pumping

@® successful

(O unsuccessful

20 May 2026

16 ms
- PR 17 ms
-_— 20ms T
30 ms
50 ms
09s
4s
14% 16 s
N=0 N=1 N=2 N=3 N=4
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Laser Spectroscopy - scheme

1. Prepareionin (0,0)

2. Probe the (0,0) - (5,1)
rovibrational transition

3. Population decays down
4. Continuous pumping

5. MW Pulse

20 May 2026

@® successful

(O unsuccessful

09s

16 ms

17 ms

20 ms

30 ms

50 ms

PSAS 2026
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Laser Spectroscopy - scheme

1. Prepareionin (0,0)

2. Probe the (0,0) - (5,1)
rovibrational transition

3. Population decays down
4. Continuous pumping

5. MW Pulse

@® successful

(O unsuccessful

09s
16 s

16 ms

17 ms

20 ms

30 ms

50 ms

6. Decay and Detect ‘

20 May 2026

PSAS 2026
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Laser Spectroscopy - results

data == Lorentzian (FWHM = 0.75 kHz) B binned data
1.00 -
* Achievable resonance
: : 0.75 1 ’\
linewidths < 1 kHz > :I h
. .. . 3 B \
* Statistical uncertainty 8 0.501 K \
(=]
<100 Hz & Iy \
/ \
0.25 - / J
d, b Y
e 1013 |evel statistical -7 St il
« . __-_u—'_-—" D-.--.'---
precision — narrowest 000 ™" "4 -m - . | o mim oo Mo
measured |ine in HD* -20 -15 -10 -05 0.0 0.5 1.0 1.5

Detuning (kHz) ‘
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Laser Spectroscopy _ «vev s

—— e ST T

mN=-1 mN=+1
- results o s
Id
* Measured 8 out of 18 |, =+% ~
allowed transitions A= 1154 nm . o
Amy =1 o T ¥ -1
e 3 AmN = -1 — Py
5 AmN = +1 ’
m v, N=(0,0)
* Extraction ofm—p limited by =
e
QED uncertainty and the
emerging HFS puzzle in HD* S ';’ —or-—e—
- HH
|, =+ 0 -

+1 -1o0 —05 0.0 05 10
resonance center - offset (kHz)
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