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S _2P
L?Cj _/23'2 P Lamb shift ()
2S

— 1
if 1S-HFS
tl

Measure the 1s-HFS in up with a relative accuracy 6 ~ 1x 107°




Eys_ups(1p) = [182 443 + 1.3496 + 0.0035 — 1. 30670(17)( )+ E(1.01656(4)Aecon + 1. 00402Ap01)] meV

E F QED + weak hVP ‘ Y

2y + rad — corrections

Extract the nuclear structure contribution
with ~ 1 x10~* relative accuracy




Y

Y

Er
B s = ) (Az 4 Arecoil + Apol)-

Zemach
_ dQ [ Ge(Q")Gu(Q?)
Ay = —2Zam,ry ry = _;/0 > [% 1].
Polarizabilit
Az(uH) = —74031{} ppm Zam g
Ap01 = A1+AQE—[51+52],
Lin, Yong-Hui, Hammer, MeiBner (2022) 277(1 + &N)M
faK (@) IV (Q%) + 16M" [é—?[dm(az@?)m(x@%,
Recoil o 0
dQ
 Za [™dQ [8mM Gu(QY) o F1(Q%) +3F(Q?) 6M2f—fd$'<2($ Q) g2(x,Q”),
Arecoﬂ - 7T(].+K?)/0 Q {1)[+1] Q2 <2F1(Q )+ (’Ul+].)(’l)+].) ) 0 Q
m 2 2 m U,
S GuQICHQY) S | Apor= 200.6(54.0) ppm

Ruth et al. 2024

A con = 837. 6"1 o ppm

Antognini, Yong-Hui, Hammer, MeiBner(2022)




Eys_ups(1p) = [182 443 + 1.3496 + 0.0035 — 1. 30670(17)( )+ E¢(1.01656(4)A econ + 1. 00402Ap01)] meV

E F QED + weak hVP l Y

2y + rad — corrections

Chiral Perturbation theory Dispersive analysis Data driven

ER N
Lgv“\ ﬁf w LLLLLA ;r; Structure functions, Form factors

g1(X1Q2)’ gQ(X,Q2), F2

Apor = 38(62) ppm Apor= 200.6(54.0) ppm

Hagelstein, Pascalutsa (2023) Ruth et al. 2024




D vacuum

entrance 9 Z)ng Z(S)ating
H» detector entrance window
gas target multipass
22K, 0.5 bar cell




The principle of the experiment

Measurement sequence

[] vacuum
1. up formation t=0ups entrance E ?ozldg:(s)ating
2. Thermalization H» detector entrance window
3. Laser excitation gas target multipass
4. De-excitation 22K, 0.5 bar cell
5. Diffusion to wall
6. X-ray detection

Laser requirements

4 )
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The principle of the experiment

Measurement sequence entrance

detector

1. up formation t = 0ps H»

Thermalization gas target
22K, 0.5 bar

entrance window

multipass

Laser excitation cell

Diffusion to wall

2
3
4. De-excitation
5
6

X-ray detection

Laser requirements e L2

/1. Stochastic triggering \

Binding energy
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The principle of the experiment

Measurement sequence entrance

detector

1. up formation t = 0us H» entrance window

Thermalization gas target
22K, 0.5 bar

multipass

Laser excitation cell

Diffusion to wall

2
3
4. De-excitation
5
6

X-ray detection

Laser requirements

/1. Stochastic triggering \
2.  Response time 1 Js

Mean kinetic energy [eV]

o

up formation Laser excitation
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The principle of the experiment

Measurement sequence

entrance

1. up formation t =0 ps
Hy detector

Th lizati 1
ermalization gas target multipass

Laser excitation t =1 pus cell

6.8 um

Diffusion to wall

2
3
4. De-excitation Laser pulse
5
6

X-ray detection

Laser requirements

F =
/1. Stochastic triggering \ —_—
2.  Response time 1 ys ( .
3. 3mJ @ 6.8 ym F=0
4

Beam quality M? ~ 1

. J
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The principle of the experiment

Measurement sequence
f = 0 entrance
1. up formation = U MUs H, detector
2. Thermalization gas target multipass
3. Laser excitation t =1 pus cell
4. De-excitation Laser pulse
5. Diffusion to wall 6.8 m
6. X-ray detection
Laser requirements
/1. Stochastic triggering \ _F;_ .F;.
2.  Response time 1 ys ( )
3. 3mJ @ 6.8 um F=0 F=0
4. Beam quality M? =~ 1

H, +up™" — H, + up™° +

. J
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The principle of the experiment

Measurement sequence entrance
: = detector
1. up formation t =0 ps Hp ntrance window
2. Thermalization gas target multipass
3. Laser excitation t =1 us cell
o Laser pulse
4. De-excitation 6.8 um
5. Diftusion to wall
6. X-ray detection
Laser requirements - .
—— Thermalized / 5
/1. Stochastic triggering \ . 0.15 Laser-excited c
2.  Response time 1 Us E —— Mean free path '%
3. 3mJ@ 6.8 ym = 2
4. Beam quality M* = 1 S 0.1 2
3 i Z
s 3
© 0.05 |- S
\ J S 005 <
0 1 | 1 |
0 0.05 0.1
Kinetic energy in LAB [eV]
12
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The principle of the experiment

Measurement sequence

1. up formation t =0 ps entrance

detector entrance window

Thermalization

X-ray detectors X-ray detectors

Laser excitation t =1 pus Hy

multipass

Diffusion to wall cell

Laser pulse
X-ray detection t ~1.2us 6.8 um

Laser requirements / \‘ / \

\ X-ray detectors

2
3
4. De-excitation gas target
5
6

/1. Stochastic triggering
2.  Response time 1 Ys
3. 3mJ@ 6.8 ym
4. Beam quality M? =~ 1 up + Au — (LAW)* +p

(MAU)* — pAu+ X-rays

. J
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The principle of the experiment

Measurement sequence
1. up formation t =0 ps entrance
> Th lizat; detector entrance window
ermalization
3. Laser excitation t =1 pus Hy X-ray detectors X-ray detectors
4. De-excitation gas target multipass
5. Diffusion to wall cell
Laser pulse
6. X-ray detection t ~1.2us 6.8 um
Laser requirements / \j / \
X-ray detectors
/1. Stochastic triggering \
2.  Response time 1 Ys <1073
3. 3mJ @ 6.8 um i
4. Beam quality M? =~ 1 | § 0.04 - — Allpp
5. < 100 MHz laser bandwidth = SN Laser-excited up
2 0.03 |-
. J z ot
% 0.02 - Eventtime window
o) < -
S .
= 0.01F
I -
0 x | ! | L | L |
* 1200 1400 1600 1800
t [ns]
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The principle of the experiment

Measurement sequence

1. up formation t =0 ps entrance

detector entrance window

Thermalization

X-ray detectors

2
of . — X-ray detectors
3. Laser excitation t =1 pus Hy
4. De-excitation gas target multipass
5. Diffusion to wall cell
Laser pulse
6. X-ray detection t ~1.2us 6.8 um
Laser requirements / \f / \
X-ray detectors
/1. Stochastic triggering \
2.  Response time 1 Js
3. 3mJ@ 6.8 ym 24
4. Beam quality M? =~ 1
5. < 100 MHz laser bandwidth S 23
6. Widely tunable (50 GHz) g
- / 2 22
S
@)
o
21 :
15
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P11 P33
Eyin= 5 meV  Ep,= 100 meV

P.Amaro et al. (scipost 2022)

WA\ T s

dpn (t) = ——Inn.(ﬂplze1 )+ D22

dt iA) (T, + Tgp)P22 >
P2 (4 = im (Qp12€ )@ e

dt . X ——-1At _ _ﬁ-plz )
dp12 (t) = 1’2—(1011’1022)6 2

dt

dp33 (t) — Tipzz ’ e

" -t —

——d—"

Inelastic collisions
Elastic collisions
Laser bandwidth
Doppler broadening




0.5 bar, 22 K
1.0 - ‘

P33

OO 4 T T
0 50 100

0.1501

0.125 -

0.100 -

p33(00)

0.050 1

0.025 -

0.000 1

0.075 1

0.016 J/cm?

0.5 bar, 22 K
400 —200 0 200 400
A [MHz|

200 MHz

44  J/cm?




~

1. Stochastic triggering

2. Response time 1 us

3. 3mJ @ 6.8 ym

4. Beam quality M2 ~ 1

5. < 100 MHz laser bandwidth

6. Widely tunable (50 GHz)

\_

/




@ 1S-HFS

6788 nm
Yb:YAG

1030 nm

Wavelength [nm]
8000 10000

Stochastic triggering \
Response time 1 ys
3mJ] @ 6.8 ym
Beam quality M? ~ 1
< 100 MHz laser bandwidth
Widely tunable (50 GHz)
J
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Yb:YAG
1030 nm

1S-HFS

6788 nm

Stochastic triggering \
Response time 1 ys
3mJ @ 6.8 ym
Beam quality M2 ~ 1
< 100 MHz laser bandwidth
Widely tunable (50 GHz)

8000

7GP

10000

Wavelength [nm]




ZGP optical transperancey

@ 1S-HFS
6788 nm

Yb:YAG
1030 nm

Wavelength [nm]

2000 8000 10000

Stochastic triggering \ 7GP

Response time 1 ys
3mJ @ 6.8 ym
Beam quality M2 ~ 1
< 100 MHz laser bandwidth
Widely tunable (50 GHz)
J

(oo v )




Wavelength [nm]
8000 10000

-




1S-HFS

g "IN 6788 nm

Yb:YAG OPO1
1030 nm

Wavelength [nm]
8000 10000

PPLN

-




Optical Parametric N\/\N\/\N\/; C> Nonlinear D W w,
Oscillation (OPO)

Crystal

W,=m, +®, WWW\~> @,
Optical Parametric 0, (weak) = Nonlinear \/\/\f> @, (amplified)
Amplification (OPA) NVWVVV\/} Crystal WS> @,

a)3=a)1+a)2

Difference Frequency @ NVVVVV\/\/> Nonlinear W

Generation (DFG) @, WWWWW\> Crystal D = -
, - -




Trigger from

\
atomic \
reference “

1

1
CW seed TDL osc.
1030 nm 50 mJ

400 W 1.5 kW
CW pump diode

969 nm

atomic
reference

1030 nm, 50 ns 6788 nm

300 mJ

atomic
reference




Verxx = V2149 = V31xx = V1isxx = V1979

atomic
reference

Trigger from

atomic ‘\
reference “
. \
1
CW seed TDL osc.
1030 nm 50 mJ

400 W 1.5 kw

CW pump diode

969 nm

1030 nm, 50 ns

300 mJ

atomic
reference




100 Hz

HV power

supply | )

<

Pulse energy
stabilization

PD,

alignment |

Zeyen, Manuel, et al. review of scientific instruments 2023.

extracted

matching  Seed laser

1030 nm
PI:)PDH

Zeyen, Manuel, et al. Optics express, 2023.

PDH error

Intensity

DN N N N N

\_/

—

—

g

h

5 1

Frequency detuning [FSR]

“ -\_ -0.5 0.0 0.
40.5 MHz .)

Delay: 700 ns
Energy: 50 mJ

.0 1.5

Pulse-to-pulse stability: <0.5% (rms)

Single-frequency operation

Laser chirp <2 MHz

PDH lock scheme with infinite dynamic

range




100 Hz

HV power

supply | )

<

Pulse energy
stabilization

PD,

alignment |

Zeyen, Manuel, et al. review of scientific instruments 2023.

extracted

seed laser

PDppH

Zeyen, Manuel, et al. Optics express, 2023.

JGlu

1030 nm

PDH error

Intensity

DN N N N N

\_/

—

—

g

h

5 1

Frequency detuning [FSR]

“ -\_ -0.5 0.0 0.
40.5 MHz .)

Delay: 700 ns
Energy: 50 mJ

.0 1.5

Pulse-to-pulse stability: <0.5% (rms)

Single-frequency operation

Laser chirp <2 MHz

PDH lock scheme with infinite dynamic

range




Multipass amplifier

Sequence

4f
amplification

Fourier transform

amplfication

4f
4f
amplification

Fourier transform

amplfication

4f
4f
amplification

Fourier transform

amplfication

4f
4f

JG|U Ahmed Ouf

Fourier transform Disk 4f-imaging

Zeyen, Manuel, et al. 2019
K. Schuhmann et al., Appl. Opt. 57, 10323-10333 (2018) Zeyen, Manuel, et al. Optics express, 2024.

ECT, Trento 31.07.2025

SN NN

Insensitive to thermal lensing
Energy: 330 mJ

M2 <1.17

Pointing stability




Multipass amplifier

Sequence

4f
amplification

Fourier transform

amplfication

4f
4f
amplification

Fourier transform

amplfication

4f
4f
amplification

Fourier transform

amplfication

4f
4f

JG|U Ahmed Ouf

Fourier transform Disk 4f-imaging

Zeyen, Manuel, et al. 2019
K. Schuhmann et al., Appl. Opt. 57, 10323-10333 (2018) Zeyen, Manuel, et al. Optics express, 2024.

ECT, Trento 31.07.2025

SN NN

Insensitive to thermal lensing
Energy: 330 mJ

M2 <1.17

Pointing stability




atomic
reference

1030 nm, 50 ns

300 mJ

atomic
reference




2149 nm

PPLN
crystal

1978 nm




OPO 2 um

Transmission
------- Pump 1030 nm d‘ G 'O' G ':%

Signal 1978 nm .’
....... Idler 2148 nm

PPLN

Reflection )‘ Faraday ; >\ 5
2 Rotator °* 2 e
) (3]
¥ oo /N
N Phase 8
Amplifier Shifter v 1.5mJd @ 2149 nm
f)(\ @_@ v' Efficiency 50 %
RF Generator Y

excellent beam quality

€]lY] Ahmed Ouf ECT, Trento  31.07.2025




——1532 nm +<— Horizontal
— 1030 nm ® \Vertical ]
— 3142 nm / Linear
O Elliptical
Energy (’ ®—

meter

D Signal &

1532 nm

Osc Fast PD
o 7

Phase shifter

A—®

Dump _ DN HR@ 3um
N2 N2 100mm  1ep Y HT@1 & 1.5um Dump
4H i P i
f= Pump
TFP 300 mm CM2 1030 nm
N4 !
N2, TDL Laser Idler
1030 nm 8P9t 3142 nm
% . I avity
o % s Energy
Piezo meter

N2,

Mixer .>

Amp v

hd N
760 MHz

To piezo

B

Controller

PDH
Locking

1 ]| eom

Fiber
isolator

Seed Laser
1516-1565 nm

S

Ge
Window

Controller signal

Variable outcoupling cavity

Infinite locking range (PDH locking)
1.5 mJ @ 3142 nm

M2 = 1.01 (excellent beam quality)
Pulse chirp <2 MHz

Rms energy stability < 2%
Tunability of 2 nm




OPO at 3 um

JG|U Ahmed Ouf

ECT, Trento 31.07.2025
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* Beat the OPO pulses with a CW from the seed

laser
. _ 14
f&) = 21 dt
p—)  OPO fseed " ¢(t)> 60 - —— Beat waveform

fast PD

S

combiner —»’—> -g 40-
FPCavity  fseed T fmod £
<

— —] >

| EOM 201
@ fro 460 480 500 520 540 560
Frequency chir
w 10- q y p
@ E \/\/\/\/\/\/\/\_A-/\/\M
= o
_10_

490 495 500 505 510 515 520 525 530 535
Time [ns]




e No chirp observed
* fpuise = fseea Within 2 MHz I:[b

e Laser linwewidth < 100 MHz







3 um OPA, 770 uJ seeding

3t
& R
0;1/ 2 |
N> &
1_
3145 nm PA | 3145 nm > :
Tm)J 3m)J i
0
1030 nm 35m)J 0
300 mJ 250 mJ
25
2149 nm PA 2149 nm > :
1T mJ 25 mJ : »of
/9)& |
2 : E 15F
2 2
§ 10}

T ——
E1030 in mJ
2 um OPA, 1 mJ seeding
: ';
9 ]
K 3 ]
20 40 60 80 100

v 34md
v M2=1.3

v 23md
v M2=1.5




3145 nm

1T mJ
1030 nm

300 mJ
2149 nm

1T mJ

3 um OPA, 770 uJ seeding

3k i
= 2f il
CO | I
mof l
m [ ]
1 - -
[ " N " " 1 " " " " 1 " " " "
00 10 20 30
E1030 in mJ
2 um OPA, 1 mJ seeding

25 LA B S R AL RN B 'E _
20} f .
E I5F [} -
e I [} )
~ 10F -
= [ s ]
S -
0 ! 1 N 1 1 .

0 20 40 60 80 100

v 34md
v M2=1.3

v 23md
v M2=1.5







DFG at 6.8 um

v Generated 0.4 mJ @ 6.8 um

v" Round beam

0.35
F - Ein3um = 0.297m)

030 "'I"' Ein,3um =0.0648m]
0.25F

0.20F

0.15F

Eout, 6.8um[mj]

0.10

0.05 F -

-
- -
-
-

-

0.00 -

-
-
-
-
-

Ein, 2um[mM]]
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Pseudo-data

1.9 — Average
c I
g 1.85 k
0 1.8 ”"l: 1 ' : i !| Nl
S Al :
o
O 1.75

t(40) [min]

10*

10°

102

Pressure [bar]

[Nuber PhD Thesis]

= e 100 MHz
E 4 <30 MHz
B A
: .
— A

I L L

0.2 0.4 0.6 0.8 1




« Estimation of laser-bandwidth

« Absolute laser frequency

1_0-_ E === Vgit — Vpirran=>51 MHz | ]
L ! { Data
08} | ]
[ i Egg
I ’,-1’:‘"&;\ /
g o6f F0 N .
= 5 x i N
2 i A : S
2 04} A | | - E 6.8um pulses
- £ : \ T
A ! .
02 L i By )
: 1A i Mg
0.0 }!-f{{{—fﬂ’ i i Fig
400 0300 =200 100 0 100 200 300 400

Frequency - 44113911 MHz




« Estimation of laser-bandwidth

« Absolute laser frequency

1.0 B i === Vgit — Vpirran=>51 MHz | ]
L ! { Data
i i
L 1
0.8 i ]
- i
- i
| ’,-1’:‘"&;\
goor I i
e | P ; N
7] - /j 1 [
< 04} 4,: i L ]
| ! L
[ 1% i L
02f & : 3 -
L I/} H \1{ i
[ 1347 : N ]
I i : {L!_ ]
0.0} }{f{i{'f*ﬂ : by
I . i
L L i 1 L L L 1 n L L 1 L 1 n 1 n i n 1 L L L 1 I I L 1 n i f
—400 —-300 —200 —100 0 100 200 300 400

Frequency - 44113911 MHz

Natural Linewidth
Pressure Broadening
Doppler broadening
Power broadening

Laser Bandwidth

6.8um pulses

<0.1MHz

rp xXPp

ro_ 1 [BkeT
D—C M 0

1 dependsonI

L =277




v" Absolute laser frequency

v Laser linewidth estimation < 100 MHz

I i | 300 .
1.0F i I p=5.59mbar - i ,/I ]
i | I p=428mbar | 275 1{ /,/" N
i ! i p=2.47 mbar [ / 7
0.8} : 1 — I 1
[ : N 250 / L _
: '-5-. 2 : / /}f;
£ 06} # N ] Sl o
£l Pt 2 s e :
2 | AT VN z | -
204} A& Y i = 200 ]
B I/! !/I‘ : !Xk \\1 451)
[ v 15‘11.“!77} A € 173 Mp = 128 MHz )
oz b iae : 3 & { 4 i VI80-44.113962(1) THz, Ty, p0=169(19) MHz
i !‘P I’} 1% i N I ] I mean_ r :
1k !1; : : \{i \1 ] 150 VI'$20—44.131034(1) THz, My, po0=152(1) MHz ]
0.0 ‘PI?{T‘{{T‘EE{IHQ%II} i d5y W : P vP§ir=44.174895(2) THz, Ty, p - 0=184(2) MHz
S . R A T S S sg T
400 300 200 100 0 100 200 300 400 0 1 2 3 4 5 6
Frequency - 44113911 [MHz] Pressure p [mbar]
1 /8kgT
(= VM =128 MHz

e = /12 o —T3 =110(6) MHz




O vacuum
|:| H) gas
[0 gold coating

detector N / entrance window
e ] E==N
gas target " =] multipass
cell

Laser pulse
6.8 um

entrance

M. Marszalek et.al , arXiv:2402.07223




Two different configurations

» Resonant vertically
» Unstable horizontally

» Resonant vertically
» Stable horizontally

M. Marszalek , PhD Thesis, ETH 2022
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v" Reflectivity of 99.0 %

M. Marszalek et.al , arXiv:2402.07223




50 (}Hz

Search range-

Peset + corr ——i
Peset - ——
Ruth(new Disp + H)1 —e—
Our choice (BxPT) A ——

182.50 182.55 182.60 182.65 182.70 182.75 182.80

E1s_nrs [meV]

« Steps to search for resonance

* Measure 1.4 h at fixed wavelength to expose a4 ¢
effect over background

* 1 hto change the laser frequency in steps of 100 MHz

Simulation of the search for resonance

Counts / muon

Pseudo-data

—— Average

Hﬂ 20 . h




Assuming the resonance has been found and given:
» Laser pulse 1mJ

» Target length 1.2 mm
» Cavity R =99.2%
» Laser linewidth < 100 MHz

» Detection system: €y, = 70%, €au—false = 9%

— Lineshape
e Pseudo-datal
— Voigt fit

Determine resonance position with

6 =4 MHz (1.6 x 1078 eV)

Counts / muon

c 4 MHz

= =1x1077
Eqps 44 THz

1.75
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