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Introduction




Properties of the proton \

incident electrons
BSE

Study of the properties of the proton
(charge radius and magnetic distribution)
nucleus \@®

1) scattering: elastic electron-proton
2) scattering: elastic muon-proton

3) spectroscopy: electronic atoms and ions
4) spectroscopy. exotic atoms t. “—
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HFS of pup ground level \

incident electrons
BSE

Study of the properties of the proton
(charge radius and magnetic distribution)

1) scattering: elastic electron-proton
2) scattering: elastic muon-proton

3) spectroscopy: elostkeme-aloms and ions

4) spectroscopy

Hyper Fine Splitting (HFS) of 4.
muonic hydrogen ground level
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HFS of pup ground level \

incident electrons
BSE

Study of the properties of the proton
(charge rapius and magnetic distribution)

1) scaffering: elastic elex QED, Zemach Radius /

Ersurs(uH)= [ 182443 +1350(7) +0.004 ~130653(17) (22 + Fir (1.01636(4) Aoy + 100402 A1) | meV

T e ~0.183 eV

- elogtsemie=aioms and ions

4) spectro

H

Hyper Fine Splitting (HFS) of &,
muonic hydrogen ground level
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The FAMU (Fisica Atomi
MUonici) experiment:
principle of operation




Measurement of the

HFS (n7p)ys ground level

HFS (u~p),s first measurement

— RAL (UK), ISIS protosynchrotron
@ RIKEN muon facility
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— Experimental method:

1. Create muonic hydrogen (muon beam
+ hydrogen gas target)

2. Excite the transition (powerful
tunable mid-infrared laser)

3. Wait for muon transfer from
hydrogen to heavier atom (oxygen)

4. Detect X-ray emissionfrom muon
capture

5. Exploit kinetic energy dependence of
muon transfer from p~p to oxygen to
find the resonance (by varying laser
frequency)
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Measurement of the
HFS (1~ p),s ground level

HFS (u~p),s first measurement
/ \ — RAL (UK), ISIS protosynchrotron

@ RIKEN muon facility
La rgg:: — Experimental method:
2 1. Create muonic hydrogen (muon beam
+ hydrogen gas target)
2. Excite the transition (powerful
pulsed p beam tunable mid-infrared laser)
3. Wait for muon transfer from
hydrogen to heavier atom (oxygen)
4. Detect X-ray emissionfrom muon
\ The target isa mixture of H2 and DZ/ capture
02 = 196 ppm 5. Exploit kinetic energy dependence of
muon transfer from p~p to oxygen to
find the resonance (by varying laser
frequency)

Drawings: Cecilia Pizzolotto
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Measurement of the
HFS (1~ p),s ground level

HFS (u~p),s first measurement

— RAL (UK), ISIS protosynchrotron
f Laser beam \ @ RIKEN muon facility

"""" — Experimental method:
1. Create muonic hydrogen (muon beam
11‘ + hydrogen gas target)

2. Excite the transition (powerful

e -

At

SpIn f|lp tunable mid-infrared laser)
3. Wait for muon transfer from
hydrogen to heavier atom (oxygen)
HP 4. Detect X-ray emissionfrom muon
\ / capture

5. Exploit kinetic energy dependence of
muon transfer from p~p to oxygen to
find the resonance (by varying laser
frequency)

Drawings: Cecilia Pizzolotto
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Measurement of the
HFS (1~ p),s ground level

HFS (u~p),s first measurement
— RAL (UK), ISIS protosynchrotron

a ) @ RIKEN muon facility

Increased i transfer to O, — Experimental method:

\ 1. Create muonic hydrogen (muon beam
o | B the aetion e
k_ % X-rays 3 tunable mid-infrared laser)
\up e @)/ '

Wait for muon transfer from
hydrogen to heavier atom (oxygen)

4. Detect X-ray emissionfrom muon
capture

5. Exploit kinetic energy dependence of
muon transfer from p~p to oxygen to
find the resonance (by varying laser
frequency)

Drawings: Cecilia Pizzolotto
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FAMU: a bumpy path... \

Data taking planned for March 2020
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FAMU: a bumpy path...

Data taking planned for March 2020
Hit hard by pandemic!

... moved to September 2020

... then December 2020

... then June 2021
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FAMU: a bumpy path...

Data taking planned for March 2020
Hit hard by pandemic!

... moved to September 2020

... then December 2020

... then June 2021

Meanwhile a planned accelerator long shutdown began

(i -4

ISIS long shutdown
Planned:09/2020 —09/2021
Planned:01/2021 —12/2021
Planned:07/2021 — 07/2022
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FAMU: a bumpy path...

Data taking planned for March 2020
Hit hard by pandemic!

... moved to September 2020

... then December 2020

... then June 2021

Meanwhile a planned accelerator long shutdown began

(- -4

ISIS long shutdown
Planned:09/2020—09/2021
Planned:01/2021 —12/2021
Planned:07/2021 — 07/2022

and, of course, since 01 Jan 2021 Brexit took place (end
of free movements of goods) SR




FAMU: a bumpy path...

Data taking planned for March 2020
Hit hard by pandemic!
... moved to September 2020
.. then December 2020
. then June 2021
Meanwhlle a planned accelerator long shutdown began

of free movements of goods)
Finally, Russia — Ukraine war began (and we have
lasers built in Belarus) 13
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FAMU: 2023, data taking! \

First muons:
- December 2022 (5 minutes)

Data taking in 2023:

- May 24t — 26" beam line test

- July 17t — 237 commissioning and first data
- October 12t — 18" first data set

- December 7" — 18" second data set
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Apparatus setup




Target: the design

Muon beam » I

)
INFN

(-

Operating temperature:
liquid nitrogen =80 K

Operating pressure: =7 bar {

International safety
certification (Directive
97/23/CE PED)

H, compatible

Pressurized vessel
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Target: the design

- Operatingtemperature:
liquid nitrogen =80 K

- Operating pressure: =7 bar

- International safety
certification (Directive
97/23/CE PED)

- H, compatible

Pressurized vessel GEANT4
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Target: the design
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Target: the design

GEANT4
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Target: some pictures
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Detectors: LaBr;:Ce crystals

Main requirementS' Ev. 16 - Det. 2 Waveform

:

- High solid angle coverage

DC counts
2
=

- High speed

A
:

Kiiii 'I'H'1'|'H1'|'|'H'1'I'I'H'1'I'I'H'I'I'IT1'|T'I1'I'|'I'I1'|'I'

- Good energy resolution @100 keV =

17 LaBr3:Ce 1"’ read by PMT 2000
11 LaBr3:Ce 1” read by SiPM
15 LaBr3:Ce }%” read by SiPM

FoL e

i
350

Time/2 [ns]

[=]
ST

<10°

1 HPGe (Ortec GEM-S)

1 hodoscope for beam monitoring (64 channels,

1 mm square fibers read by SiPM)
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X-rays distribution from simu&

GEANTA

N Trieste — The



Detectors: placement \

'

/4 La B [ Si P M

|

LaBr - SiPM

Emiliano Mocchiutti, INFN Trieste — The status of the f



Detectors:

— —
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Detectors: pictures
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Laser: characteristics \

Wavelength range 6800 £ 50 nm = 44 THz
Energy output >1ml) up to >4 mlJ
Linewidth <0.07 nm 450 MHz
Tunability steps 0.03 nm 200 MHz
Pulses duration 10 ns

Repetition rate 25 Hz

miliano Moccm'uni, INE- N Trieste — The status o‘h



Laser: scheme

MNd:YAG
Pump

M3
Cr:forsterite M2 r—-— -
Oscillator , [mul !
| ) ML
Cr:forsterite ! s | r— DC1
Amplifier . | I DC2
BS 1--1
Nd:YAG !
) MU I
M1 |
—ump LE-L 0
r -_— -_—
Mol !
| ! T1 M4
MNd:¥YaG Nd:YAG 1 | — |
Seader Amplifier -7 * _ M1

1064 nm beam 1262 nm beam 6785 nm beam

M1 - Mirror HE. 1064 nm, MZ - Mirror HR. 1262 nm, M3 - Mirror HR 10648126286785 nm, M4 - Mirror HR 6785 nm,
T1 and T2 - telescopes, BS1 - beamsplitter/beamsampler 1064 nm, BS2 - beamsplitter/beamsampler 1262 nm,
BS3 - beamsplitter/beamsampler 6785 nm, DC1 - dichroic mirror (reflecting 1064 nm, transmitting 1262 nm},
DC2 - dichroic mirror (reflecting 1064 nm and 1262 nm, transmitting 6785 nm), NL - nonlinear crystal,

MU - measuring units (wavelenght meter, energy meter, dimensions)




Laser: scheme

1262 nm tunable beam

MNd:YAG
Pump

|DC1

M1 - Mirror HE. 1064 nm, MZ - Mirror HR. 1262 nm, M3 - Mirror HR 10648126286785 nm, M4 - Mirror HR 6785 nm,
T1 and T2 - telescopes, BS1 - beamsplitter/beamsampler 1064 nm, BS2 - beamsplitter/beamsampler 1262 nm,
BS3 - beamsplitter/beamsampler 6785 nm, DC1 - dichroic mirror (reflecting 1064 nm, transmitting 1262 nm},
DC2 - dichroic mirror (reflecting 1064 nm and 1262 nm, transmitting 6785 nm), NL - nonlinear crystal,

Cr:forsterite M2 r—-—
Oscillator , [mul !
|
Cr:forsterite ! s |
Amplifier "
MNd:YAG
Pump M1
MNd:¥YaG Nd:YAG
Seeder Amplifier

1064 nm beam

MU - measuring units (wavelenght meter, energy meter, dimensions)

1262 nm beam

M3

6785 nm beam




Laser: scheme

Nd:YAG Cr:forsterite M2 r—-— -
Pump Oscillator , [mu]!
| T2
Cr:forsterite ! s | r—
Amplifier L  —
BS2
MNd:YAG .
‘ Pump mi 1068 nm fixed beam
drml
; [MU
[
Nd:YAG Nd:YAG ' I, L —
Seeder Amplifier -7 * ]

M1 - Mirror HE. 1064 nm, MZ - Mirror HR. 1262 nm, M3 - Mirror HR 10648126286785 nm, M4 - Mirror HR 6785 nm,
T1 and T2 - telescopes, BS1 - beamsplitter/beamsampler 1064 nm, BS2 - beamsplitter/beamsampler 1262 nm,
BS3 - beamsplitter/beamsampler 6785 nm, DC1 - dichroic mirror (reflecting 1064 nm, transmitting 1262 nm},
DC2 - dichroic mirror (reflecting 1064 nm and 1262 nm, transmitting 6785 nm), NL - nonlinear crystal,
MU - measuring units (wavelenght meter, energy meter, dimensions)

1064 nm beam

1262 nm beam

C1

M3

6785 nm beam




Laser: difference frequency \

generation

 Required output >1 m)J
e |nputs: =70 mJ @ 1064 nm and =35 mJ 1262 nm
* Output Wavelength: 6758 nm

1262 nm tunable beam

A k
> NLO 1 A ] (Kt
> e Apre = A1 — A2
A crystal >
2 BaGa.Se. )\
1068 nm fixed beam  10x10x27 mms DFG

6800 nm tunable beam
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Laser: pictures
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Laser: pictures
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Laser: pictures
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Laser: pictures
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Present status




Measurement plan

e Measurement range: = [6786.5;6791] nm (width 4.5 nm)
* Natural Doppler broadening @80K = 45 pm (5, FWHM = 80 pm)

m) = 100 steps to cover the whole range with 45 pm steps...

Theoretical predictions

T I LI | I | I I I
o i Hagelstein
||
|| N
—* Antognini
||
| |
Tomalak
| =T
| |
I I o Peset
< | | 2nm~
| .\I L | | | . | | |

6787.5 6788 6788.5 6789 6789.5 6790 6790.5 6791 6791.5

Lambda HFS (nm)
/-’ “FAMU -
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Measurement plan

* Measurement range: = [6786.5;6791] nm (width 4.5 nm)
* Natural Doppler broadening @80K = 45 pm (o, FWHM = 80 pm)
m) = 100 steps to cover the whole range with 45 pm steps...
The first already allocated beam time for FAMU sum up to
25 days = 2 commissioning + 3 test + 3 background + 17 data taking

24 hours for one wavelength measurement

Scan of the most probable signal range
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Laser wavelength: excellent
stability over time and energy output

7um wavelength D
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Energy of >1 mJ
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Data analysis: oxygen signal

T T | T T T T | T T T
PRE
19 LMy, ARY;

De-excitation oxygen lines

— H0,
Bl H, background

Number of X-rays per 4 keV

00
Energy [keV]

Energy spectrum 500 ns after muons arrival, one detector only, 14 hours data taking
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Data taking up to now
Wavelength covered during Oct2023 and Dec2023

Counts (#)
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=]
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B Dec2023 Data
— 0ct2023 Data

|l||‘|1||‘IIII‘IIII‘IIIIIII

T e dasiis
67088.45 6788.5 6788.55 6788.6 6788.65 6788.7

14 wavelength measurements (plus background)

678875
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Expected accuracy

FAMU expected measurement uncertainty <5 pm (i.e. <0.0002 meV on HFS, theo. =183 meV)
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Data taking up to now

Counts (#)

Wavelength covered during Oct2023 and Dec2023

500

400

300

200

100

00| I Dec2§23 Data - s |
— Oct2(e3 Data "REL 1,
- i c=3pm ][M][NARYV
— FWHM =7 pm
= |
: HLE i ad s [

e ey
67038.45 6788.5

678855 6788.6 6788.65 6788.7 678875 67338 6788.85

14 wavelength measurements (plus background)
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Perspectives




2024 beam time approved

Beam time request submitted in November

Summary of the Proposal
for the continuation of the FAMU data taking at Port-1 in 2024

Experiment:  FAMU
21 Andres Vacchi, andren vacchifits, infi. it
Gosl:  Measuremeant of the muonic hydrogen ground state hyperfine splitting
to determine the Zemach radius of the proton
Beam time request: three time periods of 12-14 days each.

Background and context

The main goal of FAMU [1] is & laser spoetroscopy experiment to messure the hyperfine splitting of the muonic
iiydrogen ground state and, through this measurement, to determine the protn Zemseh radics. Measurement
of the Zemach redius of the proton hes been schieved up to now only using ordinary hydrogen. FAMU intends
to measure the proton Zemach radius with sn experimental uncertainty below 1% allowing higher precision than
previously possible, disentangling discordant theoretical values and quantifying any level of discrepency that mey
exist. between values a8 extracted from normal and muonic hydrogen atoms (see, for example, [3]).

Beam request and time plan

The from the experimental of the hfs has motivated the theory community to coordinate
the efforts and indicate a wavelength window of interest. Figure 1, lef panel, shows the mest recent theoretical
predictions for the jup ground state his wavelength transition [4]. From Figure 1 we ean reasonsbly defie a region
o be scanned, that is spproximately 2 nm between G7578 nm and 67S0.8 nm_

g,.,f ek
waf  eram  Emmre
eresss arsess
v T
e e :
i oy

R
Figure 1: Lefl: The mast recent. thearetical prediction for the pp ground state bfs warelength bransition 4] expresed in nm.
The sed dashed lines indicate the wavelength range where FAMU operated in October 2023, Right: Wavelength distribution
of the data callected in Oclober 2023,

The data sequisition alternates triggers with laser and withont laser, with s total of 12 hours of data with the
Taser pulse snd 12 hours without laser. From our latest data, we estimate that during 24 hours we sre able to calleet
about 2.3x 10° muonic oxygen X-rays events in the interesting time range of the lsser induced transition

Figure 2 shows the signal to noise ratio as function of the collected statisties and time, as derived by the on-gzoing
dats taking. The three lines represent the theoretical values in the case the effect is of 5%, 2%, and 1% (from top
to bottom respectively). To measure not just the meximum of the resonance bit also the tails, we sim to messure
effects as small &s 20, thus we judge that the minimum time needed to collect enough statistics is 24 hours for each
wavelength.

To establish the mumber of days of measurcment to be dedicated at each single wavelength, we shall eonsider
two basic parameters: the laser line width and the natural line width of the resonant trensition. The line width of
the Iser is of sbout 30 pm {see Table 2), while the natural width of the 1S hfs transition in up is dominated by
the Doppler effect which, for the FAMU gas target temperature of 90 K, is about 50 pm FWHM. Henee, it sppears
nasural to consider stepe of 50 pm, and cover uniformly with 40 messurements the window of 2 nm. This shall
allow to spot the resonance, and afterwirds foens on the possibility to enrich the statistic in 6 particular wavelength
region.

Approved inJanuary

Science & Technology Facilities Council

ISIS

Rapid Access Results Notification

(

FAMU

z

Dr Andrea Vacchi.
Istituto Nazionale di Fisica Nucleare sezione di Trieste

ITALY

Dear Dr A Vacchi

ISIS Rapid Access Application — RB2300091

Title - FAMU

Thank you for your ISIS Rapid Access application. This has now been considered by the ISIS Facility Access
Panel and | am pleased to inform you that your proposal has been successful. The following allocation will be
made: Instrument allocated: RIKEN Port 1; Time allocated:40 day(s).

Emiliano Mocchiutti, INFN Trieste — The status of t
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Future

Progetto PRIN 2022 “MENPHYS”:

replace the current Cr:Forsterite laser system with tunable emission at 1262 nm with an
Optical Parametric Oscillator/Amplifier with improved performances in terms of output energy

(x2), stabilityand spectral purity

Current configuration

[
|
|
_ ' M3
Nd:YAG Cr:forsterite I \Mz —_——
Pump Oscillator ! 1 MU !
| Single Longitudinal Mode : - : I T2 DC1 NL
3-1m r:forsterite
| |
|_____________________! Amplifier |_/__, : DC2
ﬁlngle Longitudinal Ma e52 |- R |
Nd:YAG 40-45 mJ (abaout 50X)
I MU
Pump M1 S
Multi Longitudinal Made LR
500 - 600 mJ) r—--
|
MU
: I Ti M4\
Nd:YAG Nd:YAG | — /
Seeder Amplifier L. —l M1
Single Longitudinal Mode Single Longitudinal Mode BS1
few ul 300 mJ (Max 500 mJ
with modification)
1064 nm beam 1262 nm beam 6785 nm beam
) .
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Future

Progetto PRIN 2022 “MENPHYS”:

replace the current Cr:Forsterite laser system with tunable emission at 1262 nm with an
Optical Parametric Oscillator/Amplifier with improved performances in terms of output energy
(x2), stabilityand spectral purity

Nd:YAG \ M1

AN . .
el New configuration
Multi Longitudinal Mode
500 - 600 m1J)

Single Langitudinal Mode Single Longitudinal Mode
few ul 300 mJ (Max 500 m] |
with modification}

| 1064 nm béam 1262 nm beam 6785 nm beam

| 1
| |
| | M=,
| | L MU
! | D I I 2
I r.rorscerite A 1 ] _

| | Amplifier 11
| : — BS2 i (M
| T |
| : ' , MU |1
| E 3
| SHG | o ] niakat
| stage | m |
| | I MU
' NG:YAG d:YAG : ! J, ; e mas

: Nd:YA |l I I }
I Seeder Amplifier I L : M1
| BS1 BS1
| |
|

/) FAMU =
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Summary

 FAMU: measurement of the (up);s hyperfine splitting

« Target, detectors, cavity, and laser are performing as
expected

 Finally in 2023 about 25 days of commissioning and
data taking

« Data analysis ongoing

* Future: 2024 new measurements, 1262 nm laser
Improvement
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