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Introduction
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Proton radius puzzle

2010: first measurement of the proton
radius from muonic hydrogen.

2015: the “proton radius puzzle” persists...

Muonic hydrogen transitions

1~70‘

Electron transitions or electron scattering
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Charge radius r, (fm) Zemach radius R, (fm)

ep R,=1.037(16) [Dupays et al 03]
. B R,=1.086(12) [Friar & Sick 04]
Sscea g:fg'sn(;%& T = S ASL) R, = 1.047(16) [Volotka et al 05]
P Py R, = 1.045(4) [Distler et al 11]
Larrl:I;)- Zhift r., = 0.84089(39) R,=1.082(37) [Antognini et al 13]
from HES of (up),s
spectroscopy

Non-relativistic picture: spatial charge and magnetic moment
distributions pg(r), pu(r)-

The complete set of moments R®¢ = [pg () r* d3r is directly related
to observable quantities:

rch:(R(z)E) 1/2

R,= J(IpE (') pM (r-r') d3r’) r dr
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Proton radius puzzle
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Proton radius, new measurements

incident electrons
BSE

1) scattering: electron experiments
2) scattering: elastic muon-proton
nucleus \@®

tron I‘:-‘-U:“a

scattered electrons

3) spectroscopy: electronic atoms and ions
4) spectroscopy: exotic atoms I «—

H
=
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FAMU: HFS of up ground level

incident electrons
BSE

1) scattering: electron experiments
2) scattering: elastic muon-proton
nucleus \@®

tron I‘:-W:“a

scattered electrons

3) spectroscopy: glaeemie=aioms and ions
4) spectroscopy P
HFS of muonic hydrogen BT

ground level
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HFS of (u'p),s: a 20 years old idea

Physics Letters A 172 (1993) 277-280
North-Holland PHYSICS LETTERS A

Experimental method to measure the hyperfine splitting
of muonic hydrogen (L~p);s

D. Bakalov !, E. Milotti, C. Rizzo, A. Vacchi and E. Zavattini

Dipartimento di Fisica dell’'Universita di Trieste, via Valerio 2, Trieste 34017, Italy
and Sezione INFN di Trieste, Area di Ricerca, Padriciano 99, Trieste 34012, Italy

Received 31 July 1992; revised manuscript received 17 October 1992; accepted for publication 8 November 1992
Communicated by B. Fricke

We propose an experimental method to measure the hyperfine splitting of the energy level of the muonic hydrogen ground state
(n~p),s by inducing a laser-stimulated para-to-ortho transition. The method requires an intense low energy pulsed p~ beam and
a high power tunable pulsed laser.

1. Introduction The theoretical expression for the hyperfine splitting

)
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I PSI results: Lamb shift (2S states)

=14 ———==semsmmmnanas —_

A 1% 99%
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Cc 2P fine splitting
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shift
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2S hyperfine splitting

F=0

Antognini et al. (2013)
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I FAMU: a worthwhile challenge
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The FAMU experiment

Fisica Atomi MUonici (Physics with muonic atoms)
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FAMU: up spectroscopy

“Usual” spectroscopy flow:

1) create muonic hydrogen

2) laser excitation

3) count triplets

repeat varying laser energy (AE) to find resonance value.

How is it possible to distinguish excited states?
Hyperfine splitting of (p'p);s ~183 meV...
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u- transfer rate to high-Z atoms is energy dependent

“Usual” spectroscopy flow:

1) create muonic hydrogen

2) laser excitation

3) count triplets

repeat varying laser energy (AE) to find resonance value.

How is it possible to distinguish excited states?
Hyperfine splitting of (p'p);s ~183 meV...

Key point:

The muon transfer rate to higher-Z atoms in collisions is
(kinetic) energy dependent at epithermal energies
(~100/200 meV)
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u- transfer rate to high-Z atoms is energy dependent

Key point:

The muon transfer rate to higher-Z atoms in collisions is
(kinetic) energy dependent at epithermal energies
(~100/200 meV)

H. Schneuwly, Z. Phys. C - Particles and Fields 56, 280 (1992).

R. Jacot-Guillarmod, Muon transfer from thermalized muonic hydrogen isotopes Phys. Rev.

A51, 2179 ~1995.

 F Mulhauser and H. Schneuwly, J. Phys. B 26, 4307 ~1993.

* L. Schellenberg, P. Baeriswyl, R. Jacot-Guillarmod, B. Mis- chler, F. Mulhauser, C. Piller,
and L. A. Schaller, in Muonic Atoms and Molecules, edited by L. A. Schaller and C.
Petitjiean ~Birkhaiser-Verlag, Basel, 1993, p. 187.

 R.Jacot-Guillarmod, F. Bienz, M. Boschung, C. Piller, L. A. Schaller, L. Schellenberg, H.
Schneuwly, W. Reichart, and G. Torelli, Phys. Rev. A 38, 6151 ~1988.

« A. Werthmiller, A. Adamczak, R. Jacot-Guillarmod, F. Mulhauser, C. Piller, L. A. Schaller, L.
Schellenberg, H. Schneu- wly, Y.-A. Thalmann, and S. Tresch, Hyperfine Interact. 103,
147~1996.

 A. Werthmdller et. al. Energy dependence of the charge exchange reaction from muonic

hydrogen to oxygen ; Hyperfine Interactions 116 (1998) 1-16 1.
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I FAMU workflow: y'p generation

Cas target
' T
Therm. & quench.
—
= ﬂ
B —
I -
—
—
—

1. Create muonic hydrogen and wait for thermalization
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FAMU workflow: laser flash

~ 6.8 pum
laser pulse

r Y -
Therm. & quench.

Collision with H,
and spin-flip

+120 meV
kineticenergy

Prompt I F"["E}L;tl_l:
O X-rays

2. Laser! at resonance (A, ~6.8pu) spin state of up from 1'S; to 13S,, spin

is flipped: pp(t4d) > pwp(t1);
3. wp (13S,) de-excitation and acceleration, pp(4 1) hits a H atom and
Is depolarized back to pp(1 ) and accelerated by ~120 meV ;
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~ 6.8 pum
laser pulse

Gas target
r Y -
Therm. & gquench.

gt transfer

and spin-flip

+120 meV
kineticenergy

4, w are transferred to heavier gas with
energy-dependent rate;

Collision with H,

FAMU workflow: u transfer

’}\ejirh

pO

Delayed
O X-rays
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I FAMU: principle of operation

. Create muonic hydrogen and wait for thermalization

2. Laser! at resonance (A, ~6.8u) spin state of up from 1S, to
13S,, spinis flipped: pp(t™4d) > up(t1);

3. wp (13S;) de-excitation and acceleration, pp(4 1) hits a H
atom and Is depolarized back to up(1Jd) and accelerated
by ~120 meV ;

4. w are transferred to heavier gas with energy-dependent
rate;

5. A, resonance is determined by the maximizing the time

distribution of p transferred events.

=

Ingredients needed:

- «proper» gas mixture

- high energy and fine-tunable laser
- fast and precise X-rays detectors
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Three phases project

1) Study the muon beam, test target and detectors, measure
transfer rate (@ constant conditions of PTV) — 2014 beam
test (results in the next slides);

2) Find the best gas mixture, temperature and pressure in
order to observe neatly and measure the transfer rate
energy dependence, no laser — 2015 beam test (December
/th - 16th) & February 2016 (one week beam);

3) Full working setup with laser, determination of proton
Zemach radius — foreseen in 2017.

Emiliano Mocchiutti, INFN Trieste, 16.10.2015 — FAMU experiment 21 (-



Beam test at RAL — 2014
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Phase 1

Beam characteristics
e 6.8 u[ﬁ
laser pulge

Gas target s

G A
Therm. & gquench. I
I
|
|
. L. . =) "‘
«Collision with H, — 1
* . . [l *
ahd spin-flip = ‘:,.“
* U
.’. ”;—o'l
* :'_F I
* * o I
+120 meV %, l
. . . ., 1
kineticehergy :
*
*
0"" I
o fa oy F=0
R lt'ip[.‘lbjepith .. T T T T _>
R ., % Epith
"0 "%pD

Delayed
O X-rays
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Phase 1

X-rays signals
e 6.8 pr}'l'
laser pulge

Gas target s

Therm. & gquench.

“.Collision with H,
and spin-flip :

*

+120 meV ;%
kineticehergy®

F=2

lt'ip[‘ls-;]epith ..~ T T _>

Delayed
O X-rays
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Phase 1

Target, gas purity and gas operations
e 6.8 pr}'l'
laser pulge

Therm. & gquench.

gt transfer :

I
K 1
., =i
. Collision with H, —1 .
and spin-flip :

*

beam

|
X

£

|

|

|

|

|

ol

e

+120 meV %,
kineticehergy®

>

Prompt < [ epith
e QO X-rays R “’(\ pO

Delayed
O X-rays
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Phase 1

Observation of delayed X-rays, measurement of transfer rate
e 6.8 pr}'l'
laser pulge

Gas target s

Therm. & gquench.

= *

“.,Collision with H, o R
and spin-flip e

*

+120 meV %,
kineticehergy®

>

excited ;O

Delayed
O X-rays
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RIKEN — RAL muon facility

800MeV Proton
ﬁ-

Production —
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|j-Igﬁer[ Roo n1—|
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_— Kicker Cryogenic System _ : UK - Didcot
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Tunable momentum: 20 — 120 MeV/c
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- Port 4 bewen | 8d -« Fluxp :7x10*muons/s
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(#SR) Control
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] — —
Beam time
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(( (( e — .

— Y -
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Detectors: suited for time-resolved X-ray spectroscopy

Three gas targets in an
Aluminium vessel @ 40
atm:

1. pure H, gas

2. H,+ (2% w/v)Ar gas
mixture A

»
o
g
3
o

|

,_.
~J
=
¥}
o

9INg

:
3. Hy + (4% Wi)CO, gas I A s —V/e
mixture — i = ot

E \N \\\\\\\\\\ 7//% -4;13
+test on solid graphite «~ s ;
target. | ~26 cm

)

Z
-
4
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Detectors: suited for time-resolved X-ray spectroscopy

Hodoscope: beam shape | ) 7\p
monitoring \ }\\

Two planes (X and Y) of 32 N '.
scintillating fibers 3 x 3 mm? F
square section

.
1]

s

-

R p "

"l-l
s

= - '.l.-.‘ll“‘
S
- \ &
e — -:..'-h-l I
’ i1 | \ 'y

3D printed supports

SIPM reading with fast
electronics (SuperB/TPS
front-end)
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I Detectors: suited for time-resolved X-ray spectroscopy

Germanium HPGe: low energy X-rays spectroscopy

ORTEC GLP:

Energy Range: 0 — 300 keV
Crystal Diameter: 11 mm
Crystal Length: 7 mm
Beryllium Window: 0.127 mm
Resolution Warrented (FWHM):
-at 5.9 keVis 195 eV (T, 6 ps)
-at 122 keV is 495 eV (T, 6 ps)

ORTEC GMX:

Energy Range: 10 — 1000 keV
Crystal Diameter: 55 mm
Crystal Length: 50 mm
Beryllium Window: 0.5 mm
Resolution Warrented (FWHM):
-at 5.9 keV is 600 eV (T, 6 ps)
- at 122 keV is 800 eV (T, 6 ps)
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Detectors: suited for time-resolved X-ray spectroscopy

Lanthanum bromide scintillating crystals [LaBr;(Ce)]:
fast timing X-rays detectors

one cylindrical 1 inch diameter 1
iInch long LaBr;(5%Ce) crystal
Integrated design provided by
Saint-Gobain

2x2 matrix of four cylindrical
0.5 inch diameter 0.5 inch long
LaBr;(5%Ce) crystals
~ read by PMTs
¥~ Housing: iron box coated
on sides by a 2mm thick lead
sheet A
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2014: experimental setup
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2014: experimental setup
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Spectral lines measurements




Germanium detectors: excellent energy resolution

Graphite target

> =
o ggg; C Ky - 75.26 keV
™ —
180 E-
% 160E- GLP HPGe
S 140F
§ 120 C Kg
1gg§— 89.21 keV
BOE- C K,
“2‘85_ 04.10 keV
056576 75 80 85 90 95 100 105 110
Energy (keV)
Pure H, target in aluminium container
> [
o
2 Al L,
2 10°
2 10° |-
3 — AI I_B
o r
102 [ 1 L | 1 ! ! | 1 1 ! ! L 1 | ! ! 1 1 1 1
40 60 80 100 120 140
Energy (keV)
)
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Germanium detectors: excellent energy resolution

H, + (4% w/v)CO, gas mixture in aluminium container

2500

2000

Counts/200 eV

1500

1000

500

o e ey |
120 130 140
Energy (keV)

o
G)_III‘IIII|||II|I||I|I||||II|
o
-.,J
o
o
D_
(o]
(-
N
oL
o\
—_—
—
o
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I Lines observed with Ge detectors

Transition energy (keV)

Transition
C N O Al Ar
Kq 75.258 102.556 133.535 346.828 644.004
Kg 89.212 121.547 158.422 412.877 770.6
K, 94.095 128.194 167.125 435.981 815.0
L, 24.830 65.756 126.237
Lg 33.521 88.771 170.420
L 99.360 190.870

Legenda: resolved, not resolved, not seen, low statistics
Measured energy resolution: FWHM 1 keV @ 133 keV
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I LaBr,(5%Ce) scintillating crystals

Graphite target

Counts/1 keV

3500

3000

2500

2000

1500

1000

AR IIII|I IIIIIII||IIIIIIIIIIIIIIII

Prompt events
Delayed events

------ Background
...... C K, (75.26 keV)
------ C K, (89.21 keV) + CK (94.10 keV)

3500

4000

Time [ns]

delayed

3500 4000
Time [ns]
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LaBr,(5%Ce) scintillating crystals

H, + (4% w/v)CO, gas mixture in aluminium container

> ~ > C
S 35000 i Al L, —— Prompt events o ALK,
o — o
- - re)
% 30000 Al Lﬁ Delayed events P
I= I 5
= — =5
3 25000/ | Al Ly 3
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20000F l
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LaBr,(5%Ce) scintillating crystals

H, + (4% w/v)CO, gas mixture in aluminium container

e
pﬁ 30000; () 22000 3 I —— Bkg. sub. events
3 25000F- = 20000 £002 O K (133.54 keV)
- 14 N, L O K, (158.42 keV
N 20000 % 18000 \ g 4 O Kf 2167.13 k:v;
15000 % 160005_ i N
10000 'S 14000:—
5000/ 120008 e
S 10000 el
0 100 150 -
8000F
6000
4000(

2000
0 P sk bae. 1
, 180 200
0 500 1000 1500 2000 2500 3000 Energy (keV)
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I Lines observed with LaBr, crystals

Transition energy (keV)

Transition
C N O Al Ar
Kq 75.258 102.556 133.535 346.828 644.004
Kg 89.212 121.547 158.422 412.877 770.6
K, 94.095 128.194 167.125 435.981 815.0
L, 24.830 65.756 126.237
Lg 33.521 88.771 170.420
L 99.360 190.870

Legenda: resolved, not resolved, not seen, low statistics
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LaBr;: spectral evolution over time

= &
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Muonic transfer rate measurement




Time spectrum: peaks and talls

320 ns 320 ns 320 ns
: — — —_—
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I Peaks: prompt emission of X-rays

Detected time spectrum (gas @ 40 atm)

Prompt emission:
X-rays from p~ capture,
e from p~ decay

UL L L L IIIIIHIIIIIIIIIIIIIIII

0 500 1000 1500 2000 2500 3000 3500 4000
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| Tails: (bounded) muon live time

8 =
gm:_f { Detected time spectrum (gas @ 40 atm)
O 70000 =~
60000 -
50000 = Delayed emission:
mf delayed X-rays from p~transfer (close to prompt)
30000 g
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10000 /
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Graphite: exp & gaus twice...

Graphite time spectrum (MC)

hSimuTimeTot

£ Entries 680127
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S10°E o RMS 974 5
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10° 5f NG, 1.341e+04 £ 3573e+01

= H, 571.1+ 0.1

N NW, 367.3+40 |
e O
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| IIr : E :f -uuh‘_'::::::::_ . ik
1075 4 / R
: : Gaussian convolutions of exponential functions
N ;o
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2014 data: graphite

Time spectrum comected - BO (all)

E- hTBoCfit
= Entries 921777
= Mean 1301
—~ RMS 1463
3 ¥2 | ndf 310.9/285
= o 1134 £+ 1339
= N
3 n W
== Ne 1.551e+04 NadQ0c0
— He 5859+ 28
=_ Og 16.31+ 1.21
= gt
Time [ng]

Reference: 1o = 2026.3 + 1.5 ns
T. Suzuki, D. F. Measday, and J. P. Roalsvig, “Total nuclear capture rates for negative
muons”, Phys. Rev. C35/6, 2212-2224, 1987.

Measured: 1. = 2011 + 16 ns
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2014 data: pure H, target

Time spectrum corected - BO (all)

- Time spectrum comected - B0 (al) : hTBoCR
s N Fitted curve HE-“ ' 3cg 2
o | B R | -eene-- uH population RMZ e
wWeE-11] B | e WAl popuiabion x? It ST8.3/574
— a ITIT £ 1037
— N 40014450
~ N ' i
(]
; : &
1637+ niiiineli
W = :, 5847 4 1.0
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— : I|l TTESSERAT = -'-'::h-- Sy
] , - -.*.:_-‘I-;_-:‘_‘Mh _
1&' - 3 2 "-u.__ -
EJ 1 ll i 1 | L 1 I i | i i 1 i i LY I-‘1-:J.-_:_==--—l-
1000 2000 3000 4000 5000

Reference: 1, = 2194.903 £ 0.066 ns 1, = 864.0+1.0 ns
T. Suzuki, D. F. Measday, and J. P. Roalsvig, “Total nuclear capture rates for negative
muons”, Phys. Rev. C35/6, 2212-2224, 1987.

Measured: 1, = 2141 +98 ns 1, = 879+ 28ns
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2014 data: H,CO, target... no H!

hTailFit

2 105 Entries 1.274805e+07
S = Mean 9196
8 - RMS 1159
| xZ I ndf 1192/ 1252
104 o 2001+ 0.02
= Ny 5440 + 205.0
- 1065 £ 159.4
1824 + 46 4
103 — . H 4 1Hoilde
=% +07
- 148

107 Tt P e T

Reference: 15 = 1795.4 +2.0 ns

T. Suzuki, D. F. Measday, and J. P. Roalsvig, “Total nuclear capture rates for negative

muons”, Phys. Rev. C35/6, 2212-2224, 1987.
Measured: 1, = 1824 + 46 ns

)
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u transfer, first approximation

\

rgy: |

No transfer depe“dence on enerdy Oxygen concentration
° |

dN,,, = S()dt — N Agecdt — N Cohyodt

] |

muon source muon decay muon transfer to Oxygen

hence the nO generation rate is given by:

dN o = N,,Cohyodt
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u transfer rate to Oxygen only unkwnown

\

rgy: |

No transfer depe“‘l‘ence on enerdy Oxygen concentration
° |

dN,,, = S(t)dt — N Agecdt — N Cohyodt

] |

muon source muon decay muon transfer to Oxygen

Agec = 2141 ns  c,=0.0025 (atomic concentration)

S(t) =K 1AL _(t) spill profile given by Aluminium X-
rays prompt emission
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Al and O X-ray time evolution

— 24000 F — All events
® 22000 T e S avaes
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S 16000
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u transfer to Oxygen

‘_'-"20000_I|IIII-IIIIIIIIIIIIII|III|III|II
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Average muon transfer rate fromp to O: A =172+ 6 ns™
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u transfer to Argon

600
400
200

‘2 1600F-

s  F St
S 1400F - \

® - /

L 1200 / k
2 - /

£ 1000 -

S -

o 800

@) —

Argon
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1§ welfe— §

Average muon transfer rate from p to Ar:

0 200 520540560580 500 550 .
Time (ns) Q‘e\\

7“pAr

=162 + 21 ns?!
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Expected u transfer rate

Oxygen:
Ao=85+2nst  thermic
Ao =390 *> ;3 ns™t epithermic (0.12 - 0.22 eV)

A. Werthmtller et al., “Energy dependence of the charge
exchange reaction from muonic hydrogen to oxygen”,
Hyperfine Interactions 116, 1998.

Argon:
Aoar =163 £9 nst  thermic

R. Jacot-Guillarmod et al., “Muon transfer from thermalized
muonic hydrogen isotopes to argon”, Pyhs. Rev. A55/5, 1997.

)
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u transfer rate, comparison

Oxygen: i} . :
Ao=85+2nst  thermic ;"DO 172+£6ns

Ao =390 *> ;3 ns™t epithermic (0.12 - 0.22 eV)

A. Werthmtller et al., “Energy dependence of the charge
exchange reaction from muonic hydrogen to oxygen”,
Hyperfine Interactions 116, 1998.

Argon:
Apar = 163 £ 9 nsT thermic Aoar =162 £ 21 ns™

R. Jacot-Guillarmod et al., “Muon transfer from thermalized
muonic hydrogen isotopes to argon”, Pyhs. Rev. A55/5, 1997.

)
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u fate in our setup (300K, 40 atm)

N=14 =————s=======e==--- —
A 1% 99%
2p de-exciting from n=14 to ground
28 —— — |level:
- 2keV x-rays E, = O(eV)

thermalization time O(tens of ns)

1S

3/4 triplets, 1/4 singlets
de-excitation in O(10 ns)
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u fate in our setup (300K, 40 atm)

N=14 =————s=======e==--- —
A 1% 99%
2p de-exciting from n=14 to ground
28 —— — |level:
- 2keV x-rays E, = O(eV)

thermalization time O(tens of ns)

hence: transfer of only thermal muonic
atoms at ground state — unless very
high atomic concentrations of high-Z
nuclel

3/4 triplets, 1/4 singlets
de-excitation in O(10 ns)

1S
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u fate in our setup (300K, 40 atm)

N=14 =————s=======e==--- —
A 1% 99%
2p de-exciting from n=14 to ground
28 —— — |level:
- 2keV x-rays E, = O(eV)

thermalization time O(tens of ns)

hence: transfer of only thermal muonic
atoms at ground state — unless very
high atomic concentrations of high-Z

1S

nuclel Oxygen 4% wiv, 2.5 per mil

3/4 triplets, 1/4 singlets Argon 2% w/v, 0.5 per mil
de-excitation in O(10 ns) ’
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Phase 1, results

1) Double pulsed muon beam ok for the project

2) Confirmed high purity of the gas target

3) Excellent detection of X-rays and transition lines

4) Excellent time resolution

5) Observation of muon transfer to higher Z charged nuclel
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Future measurements




Three phases project

1) Study the muon beam, test target and detectors, measure
transfer rate (@ constant conditions of PTV) — 2014 beam
test (results in the next slides);

2) Find the best gas mixture, temperature and pressure in
order to observe neatly and measure the transfer rate
energy dependence, no laser — 2015 beam test (December
/th - 16th) & 2016 February (one week beam);

3) Full working setup with laser, determination of proton
Zemach radius — foreseen in 2017.
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New cryogenic target

NOTE
Appravazone © %E0 STITE CATI
Woieme inferne ¢ 107 L

Materiali & COSHLTIGNS PrinCRal:
Partl 46-47-48 EN AW E0E2 TG
Parts 10 EN AW S050/6063 T§
Parts 3-2-5 EN AW SOB/S082 TS
Pacti §-7-12-51 BN AW 6080 T6

Parte §-5-14 55 1 4300-1 4307 {304-304L)

Farte 15 Vetronte G10
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High pressure vessel
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New setup In the lab

a7 .o
. !Q\\\“\\i //,/// :

A\ (7
A 7
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I Star-shaped support for detectors
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Star-shaped support for detectors
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Time plan

* H, + 6 high-Z gas mixtures: O,, Ar, Ne, CH,, C,H,, CO,

* 6 temperatures x 3 concentrations for each gas mixture at
40 bars

* run at 15 bars for H,O, (to check previous results on

muon transfer)

« 7 different targets => 7 x 18 = 126 different measurements
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« FAMU: Investigation of the proton radius puzzle
with HFS of (up),s

 Three phases project, first phase results:
— beam and detectors characterization
— excellent energy and time resolution capabilities
— measurement of the average transfer rate for O and Ar

« New phase started and test coming very soon

Emiliano Mocchiutti, INFN Trieste, 16.10.2015 — FAMU experiment



« FAMU: Investigation of the proton radius puzzle
with HFS of (up),s

 Three phases project, first phase results:
— beam and detectors characterization
— excellent energy and time resolution capabilities
— measurement of the average transfer rate for O and Ar

« New phase started and test coming very soon

Emiliano Mocchiutti, INFN Trieste, 16.10.2015 — FAMU experiment



	FAMU experiment: characterization of target and detectors and measurements of muonic transfer rate from hydrogen to heavier gases
	FAMU Collaboration
	Outline
	Introduction
	Proton radius puzzle
	Proton radius puzzle
	Proton radius puzzle
	Proton radius, new measurements
	FAMU: HFS of m-p ground level
	HFS of (μ-p)1S: a 20 years old idea
	PSI results: Lamb shift (2S states)
	FAMU: a worthwhile challenge
	The FAMU experiment
	FAMU: μ-p spectroscopy
	μ- transfer rate to high-Z atoms is energy dependent
	μ- transfer rate to high-Z atoms is energy dependent
	FAMU workflow: μ-p generation 
	FAMU workflow: laser flash
	FAMU workflow: m transfer
	FAMU: principle of operation
	Three phases project
	Beam test at RAL – 2014
	Phase 1
	Phase 1
	Phase 1
	Phase 1
	Diapositiva numero 27
	Detectors: suited for time-resolved X-ray spectroscopy
	Detectors: suited for time-resolved X-ray spectroscopy
	Detectors: suited for time-resolved X-ray spectroscopy
	Detectors: suited for time-resolved X-ray spectroscopy
	2014: experimental setup
	2014: experimental setup
	Spectral lines measurements
	Germanium detectors: excellent energy resolution
	Germanium detectors: excellent energy resolution
	Lines observed with Ge detectors
	LaBr3(5%Ce) scintillating crystals
	LaBr3(5%Ce) scintillating crystals
	LaBr3(5%Ce) scintillating crystals
	Lines observed with LaBr3 crystals
	LaBr3: spectral evolution over time
	Muonic transfer rate measurement
	Time spectrum: peaks and tails 
	Peaks: prompt emission of X-rays 
	Tails: (bounded) muon live time 
	Graphite: exp & gaus twice... 
	2014 data: graphite 
	2014 data: pure H2 target 
	2014 data: H2CO2 target... no H! 
	m transfer, first approximation
	m transfer rate to Oxygen only unkwnown
	Al and O X-ray time evolution
	m transfer to Oxygen
	m transfer to Argon
	Expected m transfer rate
	m transfer rate, comparison
	m fate in our setup (300K, 40 atm)
	m fate in our setup (300K, 40 atm)
	m fate in our setup (300K, 40 atm)
	Phase 1, results 
	Future measurements
	Three phases project
	New cryogenic target
	High pressure vessel
	New setup in the lab
	Star-shaped support for detectors
	Star-shaped support for detectors
	Time plan
	Summary
	Summary
	Spares
	Germanium detectors: excellent energy resolution
	H2CO2 target, m transferred to C and O
	Diapositiva numero 75
	Laser
	Diapositiva numero 77
	Diapositiva numero 78
	Diapositiva numero 79
	Diapositiva numero 80
	Theory
	Diapositiva numero 82
	Diapositiva numero 83
	Diapositiva numero 84
	Diapositiva numero 85
	Diapositiva numero 86
	Diapositiva numero 87
	Diapositiva numero 88
	Diapositiva numero 89
	Diapositiva numero 90
	Diapositiva numero 91
	Diapositiva numero 92
	Diapositiva numero 93
	Diapositiva numero 94
	Diapositiva numero 95
	Diapositiva numero 96
	Diapositiva numero 97
	Diapositiva numero 98

