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Exotic atomic systems

« Simple atomic systems
—> accurate theoretical predictions
- simple spectra

=» accurate test of fundamental interactions:

o o . Highly
Pionic Quantum Electrodynamics (in strong filed) charged
atoms and Chromidynamics (at low energy) ions

Atoms with a
negatively

charged pion One-, two- three-

electron atoms

Z >>1
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Highly charged ions

Dirac equation (spin-1/2 particles) =

m02

E™ =

” (Za)
n—j=1/2+4 /1727 - (Za)|

--------- Dirac theory

2s Lamb shift {

1s Lamb shift {
464 eV

Simple atomic systems
—> accurate theoretical predictions
—> simple spectra

2p3)

2Py
Self Energy

Nuclear size

Vacuum
Polarization
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Few electrons heavy charged ions

Argon

Neon

H-like Uranium
AEqgp = 500 eV
Z-o=1
Non perturbative
in Zou

N

Max. Laser field

] Hydrogen

| |
25 50 75

Nuclear charge Z

|
100

Hydrogen
AEqgp = 100 eV
Z-o~1072
Perturbative in o
and Zao.

Simple atomic systems
—> accurate theoretical predictions
—> simple spectra

Strong electric field
- Quantum Electrodynamic
effects enhanced
—> Large perturbation during
collisions with other atoms

Self Energy

Nuclear size

Vacuum
Polarization
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Tests of QED calculations
at strong-coupling regime

o and Zo. expansion

E™ = mc® — me

2 (Za)2

o2 + ch(Zoz)4 [a(n,j) + ab(n, j) + a’c(n, j) + .. ] +

+mc*(Za)® [d'(n, j) + b/ (n,§) + o*d (n,j) +...] + ...

M.l. Eides et al., Phys. Rep. 342,
63-261 (2001)

P.J. Mohr et al., Rev. Mod. Phys.
88, 035009 (2016).

Dirac eq.

0. expansion,
all-order in Za.

<

o1 Z-a=1M137

Courtesy Prof. Shabaev

" Z-a=1
043'
Light
o atoms
a - Heavy ions QED, redU.C.ed
mass and finite
(aZ)? (aZ)* (a2)b (aZ)® g size contrib.
N 2 z A
E™ = +aF(Za)+ ?G(Za) + ...
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Non-perturbative bound system QED

First order in o Second order in o
V.A. Yerokhin et al., Phys. Rev. Lett. 97,
Self- energy Vacuum polarization 253004-4 (2006)

N.L. Manakov et al., Sov. L W i ﬁ
PhyS. JETP 68, 673-679 (a) (b) w (c)
(1989)

P.J. Mohr, Annals of ;38 S%fggt a(;.7, Ph1ys. Rev. A @ Q @

Physics 88, 26-51 , 5066-5075 (1988) 7 N 7

(1974) (@) () (1)

N Y J U ® (h) (i) » )
Y

Dirac eq. (1928)
> mc? > A
E™ = +aF(Za)+ ?G(Za) + ...

m (Za)?
n—j=1/2+ /G +1/27 - (Zay] !
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{ isp Self-energy predictions

o and Zo. expansion

2 (Za)?
2n?
+mc*(Za)® [d'(n, j) + b/ (n,§) + o*d (n,j) +...] + ...

2+ ﬁﬂ\l\l]’lﬁ

V.A. Yerokhin, Phys. Rev. A
80, 040501 (2009)

6""é'"'1'0”"1'5"”2'0'”'2'5"”3'0””\
Z

+ mcz(Za)4 [a(n,j) + ab(n, j) + ozzc(n,j) + .. ] +

E™ =mc* —mec

Self-energy
high order corrections

o expansion, i _ me” L aF(Za) + a?C(Za) + . .
all-order in Za 1+ (Za)”
2
. {n—j—1/2+\/(j+1/2)2—(2a)2} i
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Quantum electrodynamics tests in
atomic systems: open questions

‘Hyperfine structure of H- and Li-like Bismuth

o4
%0
oo
o
S =
o2
es:
0,
% i
oo CES
o, NANOSCIENCES
o " C
. .

NE=AE®-EAES '
E 8 This work Laser spectroscopy of
. 'Lochmann 2014 | stored heavy ions

{+ Volotka 2012

- Shabaev 2001
T ' 1 ' | ' T ' T ' |
-61.8 -61.6 -61.4 -61.2 -61.0 -60.8

A’EémeV)
J. Ullmann et al., Nat. Commun. 8, 15484 (2017)

Proton radius puzzle

Strong disagreement between P § |
hydrogen and muonic hydrogen —e— CODATA-2010
up 2013 4
spectroscopy . catt et
up 2010 e ° scatt. Mainz
m_ =200m H spect
: e SUTIURTTINY RUTTTURIIN iy
m2 C3 0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89 09
g ~ ( Z C\() 3 Proton charge radius [fm]
eh A. Antognini et al., Science 339, 417-420 (2013)
R. Pohl et al., Nature 466, 213-216 (2010)
10
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Pionic atoms

» Simple atomic systems Klein-Gordon equation (spin-0 particles) =
—> accurate theoretical predictions l 2
> simple spectra E™ = Za)?
1+ .
J [n—l—1/2—|—\/(l—|—1/2)2—(Zoz)2]

Negative charged pion

*m, =254 m,
e lifetime=26 ns

strong
interactio

electro-
magnetic

_ : Hydrogen-like atoms
Interaction
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Pionic atoms

« Simple atomic systems ol mc?

—> accurate theoretical predictions BT = (Za)?

- simple spectra 1+ 5
« Strong electric field J [n — 1124 (14 1/2) = (Z0)?

- Quantum Electrodynamic effects 5 3
m-c
enhanced E ~ (Za)?
» Presence of strong interaction eh

 Small Bohr radius

Negative charged pion

*m, =254 m,
e lifetime=26 ns

strong
interactio

electro-
magnetic

_ : Hydrogen-like atoms
Interaction
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Pionic atoms

 Electromagnetic interaction = bound system 2
E, = mc? (Za)

» Strong interaction!!

Attraction or repulsion —> shift of the energy transition ¢

Reaction with the nucleus - ground state instable
- lifetime of the atom not infinite
- non-zero linewidth T of the atomic transitions

< >

Pionic hydrogen transitions €1s

ntH(3p—>1s)

©g=43"1%5
p(H,) = 1.2 bar
T=30K (10 bar)

3S 3p 3&' 2001

2s 2p ™ QED only

S 1l2os78.81ev
2436 eV 3

2886 eV

Experimental spectrums5o;

- 1s with QED obtained with a Bragg
Y,

spectrometer

€15 I A Al !
1s with T T T T T T T T
I 2882 2884 2886 2888
- $ 18 QED+QCD pA and HCI - Martino Trassinelli energy/eV

2890 = 2892




“."7 Strong interaction in simple bound systems

Shift and width related to the pion-nucleus scattering length and cross sections

Sl /i
67173H X Qr—p_yx—p + COTT. * ¥ /;//7_ )/ 7 niH transitions
13 X (aﬁ_p—MTOn) + corr. C}szto@ /77///6
N
O‘ieo(} /'// %
2 e
wD ///
€1s X Ar—psgr—p T+ Ap—p_yg—p T COTT. i/ Exa =25 keV
nD : nD transitions
D
'~ o< Smla .
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.7 Strong interaction in simple bound systems

Shift and width related to the pion-nucleus scattering length and cross sections

67175 X Qp—pyg—p T COTT.
™ ITH o (Gp=pspon)? + corr
1s TopTTn ' Basic pion-nucleon
interaction properties
wD
€1s X Ar—psg—p T+ Ap—p_yg—p T COTT, . .
nD 5 Pion production
7y S .
'y < Sm(ard—snd) s ( cross section from

—p collisions
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Highly charged ions and pionic atoms

« Simple atomic systems

b,

2

= mc

(Za)? 4 |$ X-ray
onz~ O L(Z0)] spectroscopy

« Strong electric field

£~

m?c’

= (Za)?

e Small Bohr radius

T'n

hn?

mecZ o

Y
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Highly charged ion production and studies

Electron impact and trapping

[
High energy electron beam /
) ﬁ i
V =200 kV [ \ Electron Beam lon Trap (EBIT) principle
N/ Magnetic field
[ ] o £
| > Electron
Electron Trap electrodes . collector
oL R S— — — > |
h-j === > -.
Electron T .
gun ;
Electron
beam

Radial space-charge
M potential from the

6 November 2017 Axial potential from the trap electrodes electron beam



Highly charged ion production and studies

Electron impact and trapping

High energy electron beam /
° ﬁ °

V =200 kV

 Max Planch Inst.,
Heidelberg, Germany
* NIST, Gaithersburg, USA

E,., =400 MeV/nucl.
Vo, ~60-70% c

: /‘

Solid target (graphite, aluminum, copper, --*)
Thickness ~ 100 mg/cm?

« GSI, Darmstadt, Germany
 IMP, Lanzhou, China
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Stripping Ion source U4+

P UNILAC

11.4 MeV/u
[0+

_\

10 - 500 MeV/u

Y92+ \ \

up to
1000 MeV/

U92+
30 10 Al, Cu targe
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ESR storage ring
% at GSl

Darmstadt,
Germany

gas targe

= X rays

Experimental
Storage
Ring
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ESR storage ring
%o at GS

Darmstadt,
Germany

00 o8 0B 0 1.2 106 108 111
f/1,

lons cooled by an high

Experimental _ :
intensity electron beam

Storage
Ring

= X rays

»electrostatic”,
e.g. Van-de-Graaff , Peletron, ...

: e -source, | [ B -
(" Circumference: 108 m acceleration | =|= =Bl coceleration
Injection energy: 400 MeV/u el == | saamv

scold” electron beam
always ,fresh” electrons

lon energy: from 4 to 400 MeV/u
Revolution frequency: 1 Mhz
Stored ions: ~108
\_ Pressure =10-"""mbar /

N Y P

VEIectron - Vlon

,hot“ ion beam
in storage ring
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—— 358 MeV/u (B =0.69)
——220 MeV/u (B =0.59)
—— 68 MeV/u (B =0.36)
—— 5MeViu (p=0.10)

Relativistic Doppler shift
Eion = Biapy(1 — Beost)| *|

ESR
B =0.1-0.7

fo® b 0 30 60 90 120 150 180
A /il observation anglel, 6 _ [deg]

Ad*

Coincidences

ESR bending
magnets

Particle ™ «

- Electron transfer from the
detector Ala-1)+ -~

B* target atom to the fast ion

At + B — Ale-D+ L B+
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2.5 . . . . .
iNSp —— 358 MeV/u (B =0.69)
i NS 1 —— 220 MeV/ =0.59
":;i.;\ 1”*‘“,?59‘fi°f5 Expe rl m e ntS at e_COO I e r 20k —— 68 MZV/E EE =0.§6;
o —— 5MeV/u (B =0.10)
g
L 15
. . . . ~~—
Relativistic Doppler shift 8
L
1.0 }

Eion — Elab7(1 - B COS 9)

ESR
B =0.1-0.7

0O 30 60 90 120 150 180
observation anglel, 6 [deg]

Detector

B i -

35 P

Coincidences

ESR bending
magnets

Particle ™ «

- Slow electron captured
detector A(q'1)+~

from thefast ion

ATt 4 e 5 Ala-D+
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Lamb shift of H-like Uranium

@ QED corrections

--------- Dirac theory 2Py AE ~ Z4/n3
Z: nuclear charge
2s Lamb shift { 2p.1, n: principal quantum number
\_ Important for s-states )
~73 keV Two-loop QED In Uranium

~1 eV %

Self Energy
355.0 eV

Nuclear size
198.7 eV

O

Vacuum

Polarization
-88.6 eV

Theory: 463.8 £+ 0.5eV

V.A. Yerokhin et al., J. Phys. Chem. Ref. Data 44, 033103 (2015).
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Lamb shift of H-like Uranium

@ QED corrections

10-1 1] T T T T T T T T T T
= AE ~ Z%n3
Z: nuclear charge

< n: principal quantum number
()

£, 102 \_ Important for s-states )
N

E Two-loop QED In Uranium
<

& 10° ~1 eV

=

n Self Energy

o] 355.0 eV

=

il“ 10™ j Lates’g

) experiment Nuclear size
* @ 198.7 eV

Vacuum

Polarization
-88.6 eV

0 20 40 60 80 100
nuclear charge number, Z
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2.5

i P Experiments at e-cooler .|

——— 358 MeV/u (B =0.69)
—— 220 MeV/u (B =0.59)
—— 68 MeV/u (B =0.36)
—— 5MeViu (B =0.10)

Relativistic Doppler shift 8
Eion = Erapy(1 — B cosb)

05F

0O 30 60 90 120 150 180
observation anglel, 6 [deg]

Detector
U92+

43:59 MeV/u

ESR bending
magnets

Particle ™ «
detector U91: -~

A. Gumberidze et al.,PRL 94, 223001 (2005)
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Experiments at e-cooler

Many lines providing intrinsic energy

calibration and redundant data. * decelerated ions
r r r 1 ~1Tn 1+ 1T T 71T 7T1T°7 .CIosetOO'deg

600 - Lya, . observation geometry
' « standard germanium
500 . Lyo. .
| Ge(i) detector 2 . detector
400 - -
" | Balmer
S 300- ) 4
| |
200 - T -
1 K-RR 1
100 - Ly i Detector o2+
o ]
20 40 60 80 1(;0 12IO 14;0 1(;0 18IO 200 43:59 MeVlu
ttt t
ESR bending
magnets

Experiment : 460.2 + 4.6 eV

Theory: 463.8 + 0.5 eV

Most stringent test of bound-state QED for

one-electron high-Z systems
A. Gumberidze et al.,PRL 94, 223001 (2005)

Particle ™ «
detector U91: -~
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Lamb shift of H-like Uranium

-1
10 1] T T T I I
520 L) L) T ’_\l
m -
510-U91+ . E %‘
< 500" :'G__; 9 T ~ =
i 490 | @ S 83
£ 480} © © 52
107 = i g 3
470 RS
g w0l T 3 O}
iIU 450 F E 40—3 A
440 | %z
430 | o 25
420

1990 1992|1994 1996 1998 2000 2002 2004 2006
Ye

—_—
Q
w

- Latest
| _— experiment

Experiment : 460.2 * 4.6 eV

] Theory:  463.8%0.5¢eV

0 20 40 60 80 100 Most stringent test of bound-state QED for
nuclear charge number, Z one-electron high-Z systems

A. Gumberidze et al.,PRL 94, 223001 (2005)

—_—
<
H

1s Lamb Shift , AE / Z* [meV]
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Experiments at e-cooler

Many lines providing intrinsic energy

calibration and redundant data. * decelerated ions
r r r 1 ~1Tn 1+ 1T T 71T 7T1T°7 .CIosetOO'deg

Lya, . observation geometry Two-loop QED
' « standard germanium

500-‘ Ge(i) detector Lya, - detector
N 1 ~1.6 eV
| Balmer .

600 =

§ 300 - _ =
A I s
200 - T -
i K-RR
100 - Ly i Detector o2+
L a4
20 40 60 80 1(;0 12IO 14;0 1(;0 18IO 200 43:59 MeVlu
ttt t
ESR bending
magnets

Experiment : 460.2 + 4.6 eV

Theory: 463.8 + 0.5 eV

Most stringent test of bound-state QED for

one-electron high-Z systems
A. Gumberidze et al.,PRL 94, 223001 (2005)

Particle ™ «
detector U91: -~
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Most precise spectroscopy tests in Li-like

0
'''''''

systems

(@)
C
=
a
w
o
(OX
AN
]
o
o
AN
)
e
-
O
-+
7))
-
9
-
-]
O
.‘E
C
()
o
o
=
-
K
o
—

experimental uncertainties

B C.Brandau et al., PRL 91 (2003) 073202
B P. Beiersdorfer et al., PRL 95 (2005) 233003

50

60

70

q

(-) 2c-VP

Sy

80 90

nuclear charge Z

Li-like Uranium (3 el. )
1522p 2P,

/|— 152p 2P,

1522525, , ~280 eV

XUV spectroscopy

Detailed knowledge
about the nucleus is
vital for strong field
QED studies
(nuclear size but
also nuclear structure
=> nuclear polarization)
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Supercritical fields

Dirac equation:  F = me’ \/1 — (ZO()Z

Z > 1/a = 137 - electron/positron pair creation

E [keV]
500 s —{}positive energy continuum
1
I
I
I
0 . bound 3
0 50 states 100 137
I
E 151/2
2500 o o e e TR 0 U N
— U x—negative energy continuum—
/occupled with electrons —
-1000

Finite nucleus size 2 Z_;, =173

Self Energy

Nuclear size

Vacuum
Polarization
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Supercritical fields

Dirac equation:  F = me’ \/1 — (ZO()Z

Z > 1/a = 137 - electron/positron pair creation

Finite nucleus size 2 Z_;, =173
E ] [kev] . "
positive energy continuum ]
500 oo ey oM ————————— quasi- Ze > 173
1: molecule o
' formation _-"
0 . bound 3
0 50 states 100 137
I
1110 SO Lo c N\ O\ U9+

—— U sonegative energy continuum=—
/occupled with electrons —

1(3(
1(3

-1000
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Supercritical Fields:
°' formation of super heavy quasi-molecules

Slow ion — ion collision

R(t)[fm]
000 500 7187 500 1000 ~ 5 MeV/u
10 pror £ —r=r f i
b=0fm $ -electrons

>
2 quasi- Lo > 173
w molecule

formation

-05 :

U91+

-30 -10 -1 0 +H +O +3(j b
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250 | T T T T T T T
200 E
% 150 | . E
O i ]
o Projectile Ka |
Target Ka
0 1000 2000 3000 4000 50.0[;‘ BOIOO ‘ 70I00 . 80I00
0l Coincidence |
Target Ka.
20
£ o
Particle 50 MeV/u % Projectile Ka
detector 8

0 1000 2000 3000 4000 5000 6000 7000 8000

Energy (channel)
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.
0,00
%,

Pion beam production

Production at the Paul Scherrer Institut
(Villigen, Switzerland)

* Proton beam :E,, =590 MeV/c, I=1.9 mA
 Graphite target

- 108 pions/sec, E,, =110 MeV/c
Accelerate proton
Secondary beam of
Target (graphite) \ o charged pions
~ ~ -
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Pionic and muonic atoms production

DEGRADERS

 Cyclotron trap to stop the pions:
» strong magnetic field (B,,,,,=3.5 Tesla)
» plastic degraders (energy loss)

© BEAM

TARGET

» Gaseous target: T, =26nNS
* T: from 14 K to room temperature
» effective pressure: from ~0 to 40 bars

G Coils

0.5% (per bar) of the incoming pions are
stopped inside the target

* Production and trapping of the muons
™ — ,Uz_ _I_ Dlu, w

\S¢

Formation of muonic and pionic atoms
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Cyclotron trap

© BEAM ‘

\

TARGET

- v

6 November 2017

~

Incoming pion beam

e 3

4 \@

-

=

"F‘

!:o

pA and HCI - Martino Trassinelli

o3

\

(B

DEGRADERS
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i, ep X-ray emission and detection

Stark/elastic

=]

DEGRADERS

TARGET

X-rays

Nuclear absorption

1s QED + strong interaction

High power resolution for 2-4 keV
X-ray required I$

Bragg crystal spectroscopy
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{ insp Johann-type Bragg spectrometer

NNNNNNNNNNNNN
DE PARIS

hec , Spherically bent crystal

— =2dsinOp /
E

d = distance between D Pion beam

crystal planes

Rowland circle Target

[1] H.H. Johann, Zeitschrift fur Physik 69, 185 (1931)

[2] J. Eggs et al., Zeitschrift flur angewandte Physik 20, 118 (1965)
[3] D. Gotta, Progress in Particle and Nuclear Physics 52, 133 (2004)
[4] D. Gotta et al., Spectrochim. Acta, Part B 120, 9 (2016)
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0 NANOSCIENCES

Diffraction crystal and
position sensitive detector

Radius of curvature: ~3 m
Diameter: 10 cm

Thickness: 290 um

Support: polished quartz lens

Produced by Zeiss (Oberkochen, Germany)

pixel size 40 um x 40 um ;s N
600 x 600 pixels per chip FR
frame transfer = 10 ms &8

data processing ~24 s

operates at — 100°C storage area

[1] D.S. Covita et al., Rev. Sci. Instum. 79, 033102-3 (2008) _ v QU B p
[2] N. Nelms et al., Nucl. Instrum. Methods A 484, 419 (2002) AE = 15_0 .eV @4 keov g7y IMmage area - f,»»\
[3] P. Indelicato et al., Rev. Sci. Instum. 77, 043107 (2006) Efficiency =~ 90% - L
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L »»  Typical set-up at PSI

Pion stopped in gas: 0.5% per bar.

-
All others produces neutrons: 1 \ (ﬁ:—ﬁ\
pion > 5 neutrons!! frm\ .

_ " huge background
A A TR e on the CCD
N4 cyclotr

ontfap\
— o

\

heavy concrete

Y

peak-to-background
reduced by a factor
of 10

-Setup mH(4-1) and nD_(3-1) Ogragy™ 40° "



'NSP Typical set-up at PSI

Pion stops in gas: few % all others:
1 pion makes 5 neutrons!!
' without

e TR concrete

P/BG = 7:1
200

huge background
on the CCD

V¢

heavy concrete

with ! !
concrete

100

cyclotron trap

't :
e
0 J : :
. - v NY offare, i
. . . R S
3 . ’ o * '- -
f'"-‘ P o N "
T 3n™ « '
WAy A "
. a
|
\

P/BG = 65:1
peak-to-background
reduced by a factor
of 10
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Data acquisition and pre-analysis

Several weeks of data collection ...

Spectrometer transmission: ~5x10-8

N Scaller plot

2 x 3 X-ray CCD array with frame

buffer (23] g 5 e —

g ': 4.8cm - ¢
*,R‘ " - :

- )

X Pos'tion (pixzs)

A 4

Raw data

data processing 2.4 s

operates at — 100°C . storage area

B | FB
ks e rh y
AE=~150 eV @4 keV ' image area P
Efficiency = 90% 4 e Nt

6 November 2017
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o

Data acquisition and pre-analysis

SORBONNE UNIVERSITES

Several weeks of data collection ...
Spectrometer transmission: ~5x10-8

N Seatler plot N /N
: Signal
J Ener
pattern selectiggn
analysis
CCD en. res.=150
500 1000 eV @ 4 keV
K- Pos'tion (pixzs) \N A N\
V 4 y V 4

X X

... even better!

Raw data ...better...
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Data acquisition and pre-analysis

4001
3004
rO wN
a2
[
3
O 2001
25 mm
1004 s — — — —— ————— ——
O_MMMMMM_M
1 200 0 600 800 0 1200
/ ixg
(/e )
4001 - 400+ <
(o - |
T =11]
v & v
N’ E .’
300 O:,L z 300+ i
2
=
3
g ) =
200 I . 200+ 3
1 9
G —§; N
CE <
7
100 ORIV E 4
= =
|
: ", e Tl
0 -
4058

4025 4054

energy / eV

4056

\

I 4

Projection on the x-axis
(spectrometer energy
dispersion axis)

X

4

6 November 2017

pA and HCI - Martino Trassinelli
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Summary

* Introduction

— Test of QED in strong field

— Study of strong interaction force at low energy
 Heavy highly charged ions

— Production

— Lamb shift measurement

— Vacuum decay experiment
* Pionic atoms

— Production

— Pionic hydrogen and deuterium spectroscopy

— Pion mass measurement

 (Conclusions and outlooks
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NANOSCIENCES

Pionic hydrogen results

counts

200

1 QED only

2878.81eV

501

ntH(3p—=>1s)

Si 111

O =43"15
p(H,) = 1.2 bar

T =30 K (10 bar)

2886 = 2
energy/eV

" o884

Several weeks of data

888 2890 2892

acquisition for each spectrum

6 November 2017

pA and HCI - Martino Trassinelli




Pionic hydrogen results

Independent measurement:
* Different transitions

* Different energy calibration
* Different crystals

* Different target densities

< >  aH(@p~>1s)
200- 1S Si 111
O = 43°15'
p(H,) = 1.2 bar
150 T=30K (10 bar)
2 QED only
5 ||2878.81eV
© 100-
0 Si 111
81 @g=5415"
0'% il 'AII T T T T T T
2882 2884 2886 2888 60
energy/eV

T H(2p—1s)

1.2 bar T=30K H,
(10 bar)

201

200

Several weeks of data
acquisition for each spectrum

2436 = 2438
energy/eV

" o432 | 2434 150

counts

6 November 2017

T H(4p—1s)
3043 eV
target pressure

1.2 bar T=30K H,
(10 bar)

pA and HCI - Martino Tras

' 3038

3048

3042 3044 3046

energy/eV

3040



'Rionic hydrogen (and deuterium) shift measuremeg

CrsS

UuomcC

sssssssssssssssss

counts

200

1 QED only

2878.81eV

501

ntH(3p—=>1s)
Si 111

Og = 4315’

p(H,) = 1.2 bar

T =30 K (10 bar)

' 2890 2892

Calibrations

« Ka fluorescence from selected target
(different reflection order)

« from other exotic atom transitions (where
strong interaction effects are negligible)

smaller systematic errors from crystal
spectrometer aberrations and possible
chemical shifts and pion mass accuracy

TH(3p-1s)
quartz 101

1.4 bar T=98K
(3.5 bar)

1

e, 1l s H
UL 51 AR R 1K

' 2884 = 2886 = 2888
energy/eV 126
8000
. =
eoolZINC Ka1,2 ooy 8
Si 333 <
6000 O = 43°15' =
< 2 "
S000 - c k=
23 eV a 801
4000- (> 7.6eVin ©
2000 the first order) 401
2000- 20
1000 / |
' : : : ' — _ 0 2880
500 550 600 650 700 PR and HEP- Martitr{ Trassinelli

channel

2882 2884 2886 2888

energy/eV




Pionic hydrogen shift measurement
(preliminary result)

< >  nH(3p~>1s)
€1s Si 111
200 ©p = 43°15’ 7.20
p(H,) = 1.2 bar '
T=30K (10 bar ~
L2 % QED only ( ) E ;
5 ||2s78.81ev £7.10 L %
© 100+ r (7))

50+ 7.00

(f% : 'AII . T T T T T T | -P_"" d
/ 28?2 2884 2886 2888 2890 2892

1 10 100 1000
Density equivalent [bar]

energy/eV ETHZ-PSI previous experiment — Ar Ka.
H.-Ch.Schroder et al. Eur. Phys.J.C 1 473 (2001)

Satellite position

e, = +7.0869 = 0.0071 = 0,0064 eV (= 0.13%) [1]
Results 'T‘

* No satellite from molecular X-ray detected 0.001 gifromtﬁED_predictions [4]
(theoretical predictions [2] not confirmed) rom the pion mass

* New value for the strong interaction shift in tH [3] [1] M. Hennebach et al, Eur. Phys. J. A 50, 1-10 (2014)
: : [2] S.Kilic et al., Phys. Rev. A 70 042506 (2004)
(more 3 times smaller uncertainty) [3] D. Gotta, et al., Lect. Notes Phys. 745 165 (2008)

6 November 2017 PA and HCI - Martino Trasginelbhlesser et al., Phys. Rev. C 84, 015211 (2511)

(attractive force)




i Pionic hydrogen (and deuterium) width measuremegi

ntH(3p—=>1s)
¢ Si 111
20 Oy = 43°15'
(Hy)=12b
150- T=ps()2K(1o baar; Much more complex!!
2 QED only
5 ||2878.81eV
© I

501

o-ﬁ// :

2882

Fewp — Fcrystal 0y FDﬂoppler 0y ]-—;18

/
from the strong
interaction (goal!)

2890 2892

2884 2886 = 2888

energy/eV
from the fast movement
from the response function of the ions
of the instrument G

? Accurate investigation to the atomic cascade
Characterization of the spectrometer [1,2] < new theoretical approaches

* new measurements highly charged ion X- « new experiment with muonic hydrogen
ray transitions
 simulation of the instrument

6 November 2017 pA and HCI - Martino Trassinelli 56



hisp Crystal spectrometer characterization

Femp @ FDoppler ) FlS

<H(3p>1s)
Si 111
70 9= 4315 20 7t"Ne(6-5)
p(H,) = 1.2 bar .
150] T =30K (10 bar) 7 200 - Ti Kex
£
S 100- I'~1 eV =
é 100+
50 5-
»W/ | O _../o L . e
077 /a8s2 " 8 2886 | 2888 | 2890 | 2892 4505 4510 4515 4520
energy/eV ENERGY (eV)

How to characterize the response function * Fluorescence X-ray: too broad!!

of the spectrometer? » Pionic atoms (no Coulomb explosion):

Where to find a X-ray line with a I'<0.5 eV/? too low count rate!!
* ... highly charged ion radiation!!

6 November 2017 pA and HCI - Martino Trassinelli 57



ECRIT X-ray emission

Bragg crysol _ High intense radiation from

- )3 I, He-like ions

/ o Electron-cyclotron

! crysta .

JT specirometer resonance ion trap
® ® Cyclgtegn trap

o ("b-ccgorroy __

®© ®

Coils Hexapole ECRIT!! Biri et al., Rev. Sci. Instum. 71, 1116-18 (2000).
Hitz et al., Nucl. Instrum. Meth. B 205, 168-172 (2003).
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Brogg ciysta , 1 High intense radiation from
L >3 | e ¢ o Sl T He-like ions
‘ | : ',:',‘I ’,://; 27 ﬁ
1 H 49 777 700,
| ol Electron-cyclotron
! crysta .
77 spectrometer resonance ion trap
+
® ®
o ("ﬁccgorroy
‘. 1s2s 38, 2>1s, 1S,
' (M1)
® ®
Intensity g . « . ”
A Chlorine “skyline
) } |
) i.t i i ‘
\ 9‘\“ \ \ e |
LAY | '
Neubal K sipha cHI Ci#10 CH11 cH12 cr13 MiCHIS  CH1a 3P4 CIH1S Energy

Anagnostopou|os et al., Nucl. Instrum. Metl Covita et al., Rev. Sci. Instum. 79, 033102 (2008)
Anagnostopoulos et al., Nucl. Instrum. Metl Schlesser et al., Phys. Rev. A 88, 022503 (2013)
M.T. et al., J. Phys. CS 58, 129 (2007) Gotta and Simons, Spectrochim. Acta, Part B 120, 9-18 (2016)



(i Spectrometer characterization from
He-like S, CI, Ar M1 transitions

il P — T Ideal_for spectrometer response
2% I defocalization - pfgltﬁomn o function studies
s0000 | effect / ' Measurement with:
2 40000 | ] * Different crystal
- - - Different crystal aperture
20000 |- ] » Different focal position
10000 | ] » Different X-ray energies (Ar, Cl, S)
0

130 1;5 - 1A4(4)-‘-‘ 145 150 155 \160 1;35 170
Channel (pixel) agm .
* Transition width << 1meV
. 1s2s 38, 2>1s, 1S,
* Doppler broadening < 40 meV (M1)

Intensity

4+  Chlorine “skyline”

W

Newtal K alcha ci43 Ci4+10 Ci#11 ci#12 cH13 MY CIHIS CH14 3P1 CI#S Energy

LT |
1 |

Anagnostopoulos et al., Nucl. Instrum. Metl Covita et al., Rev. Sci. Instum. 79, 033102 (2008)
Anagnostopoulos et al., Nucl. Instrum. Metl Schlesser et al., Phys. Rev. A 88, 022503 (2013)
M.T. et al., J. Phys. CS 58, 129 (2007) Gotta and Simons, Spectrochim. Acta, Part B 120, 9-18 (2016)



Spectrometer characterization from
He-like S, ClI, Ar M1 transitions

Intensity

70000

|deal for spectrometer response

Simulation of the +10mm - . .
60000 -dlefoucalilzation : focal f’i’g'ﬂqom” ........ function studies
A omm _
soo0 - effect 49 mm -7 Measurement with:

» Different crystal

« Different crystal aperture

» Different focal position

* Different X-ray energies (Ar, Cl, S)

40000 f

30000 [

20000 |

10000 |

130 1;5 _’{46J‘ 1;5 1;0 1;5 --{éé 1;5 170
cremel®e) o Transition width << 1meV
* Doppler broadening < 40 meV

FDoppler 0y F13

Anagnostopoulos et al., Nucl. Instrum. Metl Covita et al., Rev. Sci. Instum. 79, 033102 (2008)
Anagnostopoulos et al., Nucl. Instrum. Metl Schlesser et al., Phys. Rev. A 88, 022503 (2013)
M.T. et al., J. Phys. CS 58, 129 (2007) Gotta and Simons, Spectrochim. Acta, Part B 120, 9-18 (2016)
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Transitions induced by collisions in H

0.55
4 o capture - Kinetic energy
= L : . . g .
e e e it et e S distribution (mH)
s L Ly T i
S 3
— 2 0.003 - (10 bar)
,\(\7— — I ‘é_ /T//+/ S 4-3
x - %7 "/é_/// " £ 0.002- ‘
Q0 - : = \
/7_ - // //// S ’{,\o a2
7— // /7—/' // // \(\g 0+ e(\ 0.001
1V, N S _5 5-4 f
I ol £ 6-5 6—4 . 6-3
3 7— ////7L \@S\{s 06\ GQQ 0 T T T T T ‘
/77////// S 00\ @ 0 20 4 60 100 120
W/ @) 6(\% Tuin /&Y
//% e
2
& i
/
o e
f”,/ X-ray emision 2
E., =25 keV
Es
1 -
Lis Fea:p — Fc:’rystobl
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;P Transitions induced by collisions in tH
n capture 5
16 I':O’ 1 N L N : N . N : rsn
~ S e ™ e e
- T T T T Velocity distribution ~ X-ray energy
e : ~ A (distribution
PR S /7—/7—
T /I /7_////7_//7‘
'(S(\ /7_ o /7/6—////6_//// (\6 \6{'\0 $ AFE Vatom
L0 AN
CTT T S
T o’ &
5 17 oo, o >V Ex.
7_ /77/// / 4 c”)\ 00\ co@ Vatom Eo Xray
N V', C 690 N A~
P LN
: ’7_11 X Umax — Umin
, >«
l ¢ :
/' X-ray emision 2 !
E., =2.5keV Exray
B Eo
1 [s
63
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.M Transitions induced by collisions in 7H

0.55
4 o capture - Kinetic energy distribution
= VA : "
~ 16 /7—;1::—"“T'Zij:—i—;jii:;T;jZ —~ === _ osql| [ Free model from data (1T H) 3p
v 1 17 . L 4| =3 Th. predictions
7 — : 7_ - — %o.oos- (10 bar)
W I/T / ///+ S 4-3
(\x W %_ /67///% % 0.002 -
Q /7_ I '.// //// S \,o 3
4 L _g N & 5-3
/7— // /7_/ //// .‘)Qg ee+ 6@(\ 0.001 -
///// o o & 6-5 54 ¢4 6-3
K, / <
rd / /////// /7L %\'@ Q\o% &° o 20 4 60 80 100 120
¥/ ° @Q% Tian /&Y
i e
2 7! | | tails from Doppler
/
/// H | broadening
/' X-ray emision 21 554
E., =2.5keV
| / 4>3
1 E | 4 HH(3p-1s)
) T G5 6 os 1 MC simulation

ENERGY (eV)

6 November 2017 pA and HCI - Martino Trassinelli 64



.M Transitions induced by collisions in 7H

0.55 4
4 o capture - Kinetic energy distribution
= L : .
~Ib T = = os|| | =2 Free model from data (TrH)Sp
e T T, L 7 | 3 Th. predictions
7 — ' : 7_ 7_ s g %o.oos- (10 bar)
W 117_ / //+/ S 4-3
x &8 e a " £ 0,002
N ‘6_ é’/ / e
/7_ /| // //// A ,{'0 2
4 L _g N & 5-3
ra s O o B0y
| S
i ///// Q(\\“‘\ Q° (\66 6-5 54 ¢_4 6-3
3 ////7/— @\\{“ 6\‘0 éeQe 0
e /77//// / N \\\o ) 0 20 40 60 80 20
/ // / 00660% Tmn / eV
|1 // \ H
®) ]
2
f//% |
// , Consistency to check!
/”/ X-ray emision M : -
/ y —> Study of pH: strong interaction
Ex, =2.5keV absorption in s-states
815
‘ Is
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i, “Simpler: transitions induced by collisions in yH!!

300 - S P d f
WH(3p—1s) Si 111 4 T 7 //////
H, 1bar/25K [/ /l///
200 A
m (12,5 bar) 3 L/ /I
§ / // I /
~ 100 - | / l'//
T
B s cn e T~ P oo e 2 —,',—L
2248 2249 2250 2251 1/
energy (eV) // /
High spectroscopy of uH ’{ /
Iy |
/ .
* Test of the cascade model 1 == Hyperfine structure

No strong interaction effects:
nuclear absorption and energy shift
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i “Simpler: transitions induced by collisions in pH!!

300 -

200

(counts)

100

—— ESCM  "new” cross sections ; ; :
. = o5 ... ESCM "old” cross sections dlStrlbUthn
WH(3p—1s) Si 111 L \
ot Bl | 0 » 0.
H, 1bar/25K = | 55% K (,U«H) 0.04
(12.5 bar) m [ F~o_ Vs f 3p
% 0.3 35(%) 5 - 0.03
f'if 0.2 4 I - 0.02
e
N 3
3 © 01 - 0.01
. =
o , ¢ : _l___.- ) .I, S I HPq
2248 2249 2250 2251 0 T T — T 1 0
0 20 40 60 80 100 120

energy (eV)
High spectroscopy of uH

kinetic energy (eV)

Good agreement with a free model
G with only 3 “kinetic population boxes™!!!

» Test of the cascade model

* Test of the cross sections « HF splitting = 194 + 12 meV

= recalculation required - Relative intensity ratio = 3.0 £ 0.3

* First measurement of yH ﬁ? (HF splitting fixed by theory = 182:725 + 0.062 meV)
hyperfine (HF) splitting

Covita et al., Phys. Rev. Lett. 102, 023401-4 (2009).

6 November 2017 pA and HCI - Martino Trassinelli 67



pp Transitions induced by collisions in tH
n 035 1 . . . . .
0 1 capture - Kinetic energy distribution
= L : .
~ 16 /7—111 — == —">—  oss{||| 0 Free model from data (mH) 3p
e T T, L 7 | 3 Th. predictions
— 7_ . 7_ 7_ Eo.oos- (10 bar)
T iF A e 4-3
X Sl i o a £ 0.002-
— 1y £
N _./ﬁ_--._//%//// S . N° g
/7— T ///7_///// .‘)Qg ee+ 6@(\ 0.001 -
///// fy & o & 6-5 54 ¢4 6-3
3 / Q
- /7,///;/ /7/_ @ \>\°% &° ; A m
F W/ oobg(\% Tin/®V
P N
2
&
/
/// H Still inconsistency between
I/ X-ray emision 5 empirical findings and
Ex, =2.5keV theory
Es
‘ Is

6 November 2017
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{ wsp Pionic hydrogen hadronic width summary

NNNNNNNNNNNNN
DE PARIS

Work in progress

Feazp — Fcrystal & FDoppler ) Fls

Phenomenological approach Kinetic energy distribution from
_3-component model cascade code

0.02

ld '/norm_2'102_3box.dét' + 0.08
'/norm_2105_3box.dat'
S e .
4 '/Egrm:uoe:abox,dat' 007 | - G (m )3p
0.016 | '/norm_4102_3box.dat’ 5
006 | %m (10 bar)
0.014 g i 4-3
- - . £ 00024
6 individual 3
0.012 |- 3 5.3
[ ] 0.001
il | measurements: . s H
@* 2 X J'l:H(zp—1 S) o . % ) “© ) 8 100 120
0.008 - ot i LT N Tua /oY .
o e - R #
0.006 | ; 2 X JTH(‘?’p 18) g% s & [ Free model
A # "’ 2 X tH(4p-1s G % from data
I g Lo nH(4p-1s) 2 HEL: b4 ta
e “ihgl X R P ® «?&w i Th. predictions
001 F S A
0.002 s .
0 - 7:"-‘ b e e =, !'.,_ i —— 0 * i < -~ =~ N ; s
400 500 600 700 800 900 1000 1100 1200 600 700 800 300 1000 1100 1200

‘ I,,=0.85 Too_':; eV(x= 4-5%) preliminary

Already 3-4 times better accuracy than Sigg et al. Phys. Rev. Lett.75 3245 (1995)
A"’ = AI'/2 with a good cascade understanding
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“."7 Strong interaction in simple bound systems

Shift and width related to the pion-nucleus scattering length and cross sections

H
€ls X Gr—p_yg—p + COTT. V

T o (ag-pymon)? + corr. Ok:

tH

Basic pion-nucleon
interaction properties
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data - fit

w01 wD(3p-1s)
(10+17.5 bor)

Si (111)
Op=40°

3500
- Ga Ka
(Gaks)

2500
2000
1500
1000
500

0 y ; .

700 7% 850 900

x/channels
9200 9210 9220 923 9240

energy/eV

Pionic deuterium results: shif

e

25 ///
C o T

No molecular formation observed

Uncertainty budget

+ 27 meV Ga Ka,
+ 10 meV statistics
+ 8 meV pion mass
+ 5 meV systematics
+ 2 meV QED
£, = -2.356 = 0.031 (= 1.3%) [{repulsive
force)

3 times better accuracy than [2]

PhD thesis: Th. Strauch, Cologne 2009

[1] Th. Strauch et al., Phys.Rev.Lett.104 142503(2010);

Eur. Phys.J A 47 88 (2011)

[2] Chatellard et al., Phys. Rev. Lett. 74, 4157 (1995)
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%= Strong interaction in simple bound systems

Shift and width related to the pion-nucleus scattering length and cross sections

H
€ls X Gr—p_yg—p + COTT. V

ntH
H 2 EENR
I'T o« (a,.- 0..)% 4+ corr. Ok .
1s (an p—=m n) Basic pion-nucleon
interaction properties
n
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Strong interaction in simple bound systems

Shift and width related to the pion-nucleus scattering length and cross sections

H e}TSH X Ar—p—yr—p T COTT. OCCZ+—|—G_‘|‘fLEC(Claf1>f2)
Tt - Low energy
ler;[ X (CLW—p_HTOn)2 -+ corr. X (a )2 + g(cl, f2> \ constants of the
<\ effective Chiral
Perturbation
Lagrangian
D eirsD .8 a7r—p—>7r—p + Ar—pn—sn—n + corr. X CL+ + h.O.(CL+, CL_> + hLEC'(Cla f17 f2>
T

Isospin cattering lengths a*

nN isospin symmetry ¢ a* isoscalar
(2 quark flavour only) a- isovector

1®1/2=1/2@3/2
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nN scattering lengths results

e xat +a + frec(cr, fi, f2) Qualitatively comparison
ntH H — with the Chiral Pert. Theory
7" o (a7 )" +g(e, f2) predictions

D €2 xa +ho.(aT,a”) +hrec(c, f1, f2)

o

n N2

They must cross!! ‘ ‘

Isospin cattering lengths a*

(if isospin-breaking N isospin symmetry
is included) - (2 quark flavour only)
s : | G|
£59° ] ? ‘ a* isoscalar
& |Weinberg Tomozawal1,2] | | & Isovector
-0.01 7 predictions | ‘
(leading order ChPT) |
2t | —
0.075 0.080 0.085 0.090 0.095

[1] Weinberg, Phys. Rev. Lett. 17, 616 (1966) a- (1/mp)

[2] Y. Tomozawa, Nuovo Cim. A 46 707 (1966)
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{ isp 7N scattering lengths results

e xa' +a + frecle, fi,fa) Quantitatively comparison
e 5 with the Chiral Pert. Theory
7" o (a7 )" +g(e, f2) predictions

D €P xxat +ho(a",a”)+ hrec(c, fi, f2)

A exp = 2 x A theory ‘(nO fy) A exp << A theory (with correction with f, involved)

-1
s

A exp << A theory (with correction with f, involved)

=M,

at /10

« consistency v
« a+>01l
« Constraints on f,

level shift of TH EFaeaee Widthof 7H
oe 40 88 86 84 82 « 7D decisive
—a~ / 1073M;

- Baru et al., Phys. Lett. B 694, 473-477 (2011).

Fig. 2. Combined constraints in the @*-a~ plane from data on the width and energ
shift of 7 H, as well as the 7D energy shift. Baru et al., Nucl. Phys. A 872, 69-116 (2011).



.Nsp Beyond chiral perturbation theory,
“ |attice calculations and dark matter detection

< pionic atoms analysis

?

< Lattice predictions of
the sigma term

M. Hoferichter, J. Ruiz de Elvira, B. Kubis,
and U.-G. Meildner, Phys. Lett. B 760,
74-78 (2016)

Y 36

—a~ [107°M 1]
D oam B =2 59.1¢+
a* 2> sigmatermo_ = “4M d <p‘ﬁu + dd‘p> <> (p|Ss| p) contents 3.5 MeV

Crucial for the interpretation of dark-matter direct-detection experiments!!
J. Ellis, K.A. Olive, and C. Savage, Phys. Rev. D 77, 065026 (2008)

a- = pion—nucleus coupling constant via GMO sum rule
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DE PARIS

Pionic deuterium width

ntD

I

D
1s

X %m(awd—nrd) >

Pion production
cross section from
—p collisions
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insp Pionic deuterium results: width

350
wo|  70(3p-1s) Kinetic energy distribution
(10417.5 bor) sk SIe (':01‘) a1
0=
| Z mH
.g 200 ] :: - 0.45 ] ( )3p
S 1 5
A H 2 0.003 (10 bar)
100+ ; §
\ £ 0.002- =9
1 & *"\h. 3
. 0 e M S L = 7 peoo— g 5—
= zof { 0.001 -
.:zzgi | HMWIW' i 6-5 S—4 54 6-3
© 7% %0 % %0 %o o » 4 P BN 100 10
x/chonnels i/ oV
3070 3075 3080
energy/eV

no (small) high-energy components
+23 he i ic effect [3
‘ Fp= 171723 mev (2-4%) [1] ‘ due to the isotopic effect [3]

4 times better accuracy than [2]

PhD thesis: Th. Strauch, Cologne 2009

[1] Strauch et al., Phys.Rev.Lett.104 142503(2010); Eur. Phys.J A 47 88 (2011)
[2] Chatellard et al., Phys. Rev. Lett. 74, 4157 (1995)

[3] Popov and V.N. Pomerantsev, Phys. Rev. A 95, 022506 (2017) 78



o Pion production cross section

correction factor due to the Coulomb
interaction contribution (large uncertainty)

nD I”ff X SM(Grd—srd) X / 5
p p
Oy smia = aC2 LT gz (P}
Moy My

Pionic atoms results

=
a v

+ ChPT
T a v ¥ <—— Next to
200{ - ahibiad | - Sl itk - S Voo Leading Order
o + "o
= 1
[1] Th. Strauch et al., ~N |_J|] vV YPT b ChPT
Phys.Rev.Lett.104 142503 ) Leading Order
(2010) Eur. Phys.J A 47 88 IR L o i w2 T o i 1 S 0 SO
(2011) 88
[2] D. Chatellard et al. Phys. e Psl 2006 [1]
Rev. Lett. 74 4157 (1995) A previous atom data [2 3]
Nucl. Phys. A 625 (1997) 855 0 production data
[3] P. Hauser et al. Phys. Rev. C v theory
58 R1869 (1998) 0
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Summary

* Introduction

— Test of QED in strong field

— Study of strong interaction force at low energy
 Heavy highly charged ions

— Production

— Lamb shift measurement

— Vacuum decay experiment
* Pionic atoms

— Production

— Pionic hydrogen and deuterium spectroscopy

— Pion mass measurement

 (Conclusions and outlooks
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{ insp Pion mass measurement from
nN and uO X-ray spectroscopy

0 "N
Pion mass (unknown) or
muon mass (reference) s p d f g h

/ Db — — — — —
SO S 1220 ke

‘2/(204)2 < 1 1 ) n5—— :

Ex_ ray = mc
Y 2 n?c n? 10

n=4—": ;

+0(Z*a*)

QED calculation only 154

20 n:3 —

Circular transition enhanced
n.{=n)—>[n—10=n—1)
Strong interaction effects minimized

EB /keV
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'”SP From the line position to the pion mass

From the spatial diff. to the angular position diff.

Am 300
AO = —2arctan | — 0 "
2D 8200
oy X ﬂA —
2 pls)(: i 800 1000 1200
he ,
& = 2dsin ©p
Bragg law

[1]1 M.T. and P. Indelicato, Phys. Rev. A 76, 012510(2007)
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i M From the line position to the pion mass

From the spatial diff. to the angular position diff.

Am 300
AB = —2arct — "0 "
arc an<2D> g

From the angular position diff. to the transition energy SR

1
Eﬂ'N = b @)
H V1-[he/(2dE,0))2 he -
B pwo)l? . — = 2dsinOp
cos AO® he/@dE.o) i AO E

where Bragg law

_ Za)? 1 1
Epo = fgen (my) = m“62( 2) <n2 a n2> + Ogi?fc(ZZlaZl)

¥ i

[1]1 M.T. and P. Indelicato, Phys. Rev. A 76, 012510(2007)
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i M From the line position to the pion mass

From the spatial diff. to the angular position diff.

Am 300
AB = —2arct — "0 "
arc an<2D> g

From the angular position diff. to the transition energy TR R

1
Eﬂ'N = b @)
H V1-[he/(2dE,0))2 he -
B pwo)l? . — = 2dsinOp
cos AO® he/@dE.o) i AO E

where Bragg law

_ Za)? 1 1
Epo = fgen (my) = m“62( 2) <n2 a n2> + Ogi?fc(ZZlaZl)

¥ i

From the transition energy to the pion mass
—1 A\':
Mg = fQED (ET('N) QED calculation (for zN) [1], ....

Klein-Gordon
[1]1 M.T. and P. Indelicato, Phys. Rev. A 76, 012510(2007)
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List of systematic effects

SORBONNE

type of uncertainty nO N total uncertainty
/ arcsec / arcsec / arcsec / ppb
index of refraction shift 13.22 12.94 -0.28 +20
silicon lattice constant +2
bending correction 14.01 13.71 0.30 +20
penetration depth correction -0.07 -0.07 0 +4
focal length +670
CCD alignment + 340
pixel distance +120
alignment of detector normal ) 5 - 3(())
detector height offset Total uncertainty: 1.3x10 -0
shape of target window Statistical: 0.8x10°6 + 100
shape of reflection SyStematiCS . _ 1 X1 0-6 + 225
individual curvature correction ) + 150
temperature correction +30
response function and Doppler broadening iigg
line pattern modelling o
fit interval +15
QED energy +350
conversion constant sc +2
4f strong interaction 45 ueV 0.003 -0.003 + 10
Sg strong interaction 0.2 ueV 0.000 0.000 +0
K electron screening +0
total systematic error N
statistical error + 820
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The new measurement
of the pion mass

Pion mass (MeV/c?)

139.564 139.566 139.568 139.570 139.572 [1]
T I T 1 ]
M Trajectories g G 2014}
A 1 pooymreaction| PT'i 1‘:5 N 139.57018 + 0.00035 MeV/c?
® ~A (abs. edge) 1S work :
lo  7A (Bragg spectr) | { |enz 1998| Ho— K acctracy
M Pion decay
B This work Assarinagan 1996 IV——>
;Jeckelmann 1994 A I—O—| B I—O—| Our WOl'k [2]
Daum 1991 | s 139.57077 £ 0.00018 MeV/c?
Jeckemann 1986 -0, - 1.3x106 accuracy
éAbela 1984 I ¥ >
lu1980 b—o0— « No effect of eventual remaining
Carter 1976 | | —o — K-shell electrons (<10-°)
— o .| Marushenko 1976 . . . :
 Shater 1967 I | « High accuracy calibration line
: (0.25x10-% from theory calc.)
I() éShafer 19267 ! x
Fe ferlesioe Improved accuracy for X-ray
[ 1®1 Stearns 1934 standards from pionic atoms [3]
|—A—| ECrowe 1954 : :
— Smith 1053 [1] Particle Data Group. Chinese Phys. C 38, 090001 (2014)
z - [2] M.T. et al., Phys. Lett. B 759, 583-588 (2016)
Barkag 1951 . [3] D.F. Anagnostopoulos et al, Phys. Rev. Lett. 91, 240801 (2003)

139.0 139.5 140.0 140.5 141.0 141.5 142.0
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Summary

* Introduction

— Test of QED in strong field

— Study of strong interaction force at low energy
 Heavy highly charged ions

— Production

— Lamb shift measurement

— Vacuum decay experiment
* Pionic atoms

— Production

— Pionic hydrogen and deuterium spectroscopy

— Pion mass measurement

« Conclusions and outlooks
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Conclusions and perspectives

\ for pionic atoms
* End of a long measurement campaign
* New input for investigation on strong interaction at low energy

« Deeper understanding (but not yet complete) of the atomic cascade
and cross sections in exotic atomic systems

 New measurement of the pion mass

Next---
« Atomic cascade and cross sections calculations has to be improved

New high-resolution experiments with T and tHe?~ Additional constraints on a* a

i _ * Crystal spectrometer: 0.5 2> 0.2 eV?
Resolution improvement? . wjicrocalorimeter [1]? Lower resolution but higher efficiency

New measurement of the pion mass: laser spectroscopy of tHe*
Proposed experiment at PSI from Hori and co. [2]

[1] S. Okada et al., Prog. Th.Exp. Phys. 2016, (2016) [2] M. Hori et al., Phys. Rev. A 89, 042515 (2014)
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S. Okada, D.A. Bennett, C. Curceanu et al., Progress of
Theoretical and Experimental Physics 2016, (2016)

S. Okada, D.A. Bennett, W.B. Doriese et al., J. Low
Temp. Phys. 176, 1015-1021 (2014)
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{ insp Pion mass measurement
by laser spectroscopy of xHe”

2
& e i
1 7$ - 19
2.1 (1 2) / ©/ /
9 '3) _
9
(6) T 18
70— W{}(ﬁ) /

°3\ —Radiative rate = 5 x 10° (s™)

\
— " 8O T——Auger rate =8 x 10° (s)
2.1(11) 17
. NN
> /
2 &
>
> M
o €———n=1\/-——=16.2
[ e
°
>
(o)
-
4, o ——
80 He" ground state

Neutral metastable n*He*

~~o~_- Auger-dominated n*He"

______ lonized n*He?*

16 17 18

Goal accuracy: better than 1ppm

M. Hori et al., Hyperfine Interact. 233, 83-87 (2015).
_M. Hori et al., Phys. Rev. A 89, 042515 (2014).
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Conclusions and perspectives
for heavy highly charged ion

"o New QED tests in the strong Coulomb field (non perturbative regime)

 New phenomenon expected (spontaneous emission of positrons from
the vacuum decay)

 Two-loop QED not yet tested in hydrogenlike systems

Next:--
« Many new experiments already in preparation for the future

 New experimental methods in development
« New FAIR facility in construction and commissioning
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{ insp Towards an accuracy of 1 eV of the
1s level Lamb shift

Resolution: .
400 oV 2t 60 ke Ge(i) detector '

— | G

e=10%

U®* Lamb shift 6E =4.6 eV ; ;

Crystal spectroscopy

Microcalorimeters
Res: ~50 eV at 60 keV & =10 Res: ~50 eV at 60 keV €= 1045
Polychromatic Focus

X-ray photon U Y

) §
£ L N
_____ = / Resistiveand . — -
: T ; magnetic
X-Ray Source mICI’OC8|OrI mete rs
S. Kraft-Bermuth et al., J. Phys. B Weak thermallink “Absorber
Rowland Circle 50, 055603 (2017) Th |
C. Pies et al., J. Low Temp. Phys. erma
FOCAL spectrometer O O et 280.270 (2012 bath
T. Gassner, M.T. et al submitted to PRL ’ ) ( ) (T < 100mK)
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Towards an accuracy of 1 eV of the

1s level Lamb shift

Energy (keV) L.
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50, 055603 (2017)
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N FAIR facility
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N FAIR facility

S1S100/300

APPA Facilities Q\
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~edd 7y Y~ ESSTh. Phase-0: 2018-2019
= silm]‘% " ARSI Phase-1: 2024
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Availability of highly charged ions
up to bare U with energies between
10 GeV/u to rest
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