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Proton Charge Radius Puzzle

Experiments :

Electron proton scattering
Regular Hydrogen Spectroscopy
Muonic Hydrogen spectroscopy

Alexey Grinin et al, Science 2020
N.Beziginov et al, Science 2019
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Why Muonic Atoms 7
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Ground State HFS in uH

* From 2S-2P (Electric Dipole Transition)
» Charge Radii

* From HFS (Magnetic Dipole Transition)
» Zemach radius

A :

2P

- _op » Gives charge radius (Aldo Antognini et al., Science, 339(6118), 417-420.)
S 2S-2P

Energy

Ry, = / 437 |7 / 43 pe (7 — 7)par (7)

1S
—i 15-HFS 3 Gives Zemach radius
(Our present aim)



AEjfpg = 182.819(10) — 1.30112z + 0.064(21

Our Goal

Measure 1S-HFS with
1 ppm rel. accuracy

'

ATPE
with 10™ rel. accuracy

Apol
with <10 % rel. accuracy ><

Apol
from theory
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Two Photon Exchange
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Experimental Overview

Native nES elements
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SML/Collimator

(1) Formation
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Challenges

Muon decays
in 2.2 us

(2) Laser excitation (3) Detection
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Requirement

Laser Trigger System fast response time
of 1 us

Muon arrives

Stochastic trigger — Fire when Muon

randomly Arrives

Weak M1 High Energy 50ns Laser Pulses giving
transition 5mJ at 6.8 micron, enhancement cavity
Precision <100 MHz Linewidth of Laser, > 4 weeks
and Stability | of continuous operation

Required

Background

Scintillators to veto false events



No commerically available laser system....

B Amazon.com: Mid Infrared 6.8u: X +

< C O [5 amazon.com {\3

ama;on [0) g\e;yivtezret:land All ~ Mid infrared 6.8um Laser 100MHz linewidth 5mJ stochastic triggering Q = EN- :eclck;::?tn;usts . ;Etou:-:lsers -\EICart
N 2 -— LN

= All Valentine's Gifts Medical Care ~+ Groceries ~ Best Sellers Amazon Basics New Releases Prime ~ Today's Deals Customer Service Music Registry Books Pharmacy

Use fewer keywords or try these instead

-y i L .
No results for Mid infrared 6.8um Laser 100MHz linewidth 5mJ stochastic triggering. - Fn c E w “ E “ I F I “ n 0 “ T T H E n E s m

laser See over 105,000 results ( j
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So we build it ourselves (taking years , several PhDs, and
money and more years,...)
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Strategy

* Build a High energy Laser system at a Non-Technically limited
Wavelength

* Down convert the output of this high energy laser into the required
fregeuncy (gives us <2% energy efficiency at the end)

(here, ca. 350mJ @ 1030nm =290 THz)

Yb:YAG pp-HFS
1030 nm OPO 2 6800 nm

44THz = 6.8um
2120 onath
0 \/ 3300 5000 000 9000 1000 Wavelength [nm]
DFG
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Conventional Laser Mechanism vs Nonlinear Optics

1. Pump and generate Population Inversion
2. Open and close the laser cavity to generate Pulses

Highly Excited Level
Upper Level

{} (Metastable)

Population
Inversion
Between

These States

Laser
Emission

Excitation

Lower
LaserLevel

Natural
Depopulation

Ground
Four-Level State

1. Under applied field, materials react to oppose the field

2. Some materials, generate EM field in another direction,
depending on crystal structure in addition to (1)

3. Send in Electric field at w1, get out Electric field at w2, w3

> 2 603 = a)l - 602
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Our Laser System Design
rigger ....[ cwseed
Ir'oinz - 1532 nmJ T';’ggé”:m
. ‘ fl 1532 nm
3143 m

1030 nm

6770...
6820 nm

Multipass
Cavity

Trigger

from p
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LASER PHYSICS

What my boss thinks | do What | think | do What | really
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Optoparametric Oscillators

Mirror

J
—
i

TFP MgO.PPLNB

Y I Mirror

awe[ ™

—>» Horizontal

Mirror ; ® \Vertical
¢ Elliptical

PZT

fraction of total power, i

—

)
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(Origin of Crystal)
—— Idler (3 micron = 97 THz, Output that we need)

— Pump (1030nm = 291 THz, High energy Input that we send) Distance anng Nonlinear Crystal
Signal (1550nm =195 THz , low energy input that we send)
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Thank You for your attention! Questions ?
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Last quadrupole

Target support
structure

. . Detector
(L. Sinkunaite , Thesis, ETH Zurich)

(M.Zeyen, Thesis, ETH Zurich

Multipass
Cavity

Box with the
front
BGO cluster

Native nES elements

Triplet il
QSx41,42.43

SML/Collimator
Spit Triplet

Q5041,Q5042,Q5M

Triplet
Separator Qs8a1.4

ki
243




