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EXOTIC ATOM

Replace electrons by heavier negatively charged particles
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example

diatomic molecule H,, N, ...
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* Prediction

1947 T <<t Fermi &Teller

capture meson

 First X-ray experiment

1952 pion w C Nal

1953 muon ..., W PD fine structure splitting ,...  Nal

1965 kaon K-He prop. counter

1969/70 sigma >SS, ¥K Ge(Li)

1970 antiproton pTI Ge(Li)

« FACILITIES
1974 ... pions, muons  Paul-Scherrer-Institut (PSI)
1983-1996 antiprotons Low-Energy-Antiproton-Ring LEAR
kaons no dedicated KAON facility yet
(X-ray) spectroscopy c
AE/E C

— Nal(Tl) 1952 30% =
— dedicated semiconductor detectors 1985 ... 2% §
— crystal spectrometers 1985 7, 1994 p... 104 §
— laser excitation 1996 ... 106 ¥ %
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WARM UP:

any X-RAY SPECTRUM
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ANTIPROTONIC HYDROGEN Lyman and Balmer series

xS e
(0®° o“”“\e
o 25
@\ 2\ ¢ \©
0‘\]6 d“e
two different ranges i i
n g Balmer series i
S/ pH 30mbar
o
4000 Si (Li)-1

l3from high n states

2000

0- —
" E/kev
I ~30-500 meV I ~1keV
Y, ~50% Yy ~1%

PS175: K. Heitlinger et al., Z. Phys. A 342 (1992) 359
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EXPERIMENT |

How to produce a suitable amount of exotic atoms?
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CYCLOTRON TRAP

concentrates particles

super-conducting split coil magnet

X-ray detector

cyclotron trap
gas cell

“wind up” range curve

in (weakly) focusing magnetic field

increase in stop density

pions (PSI) x 200

= high X-ray lineyields
= bright X - ray source

antiprotons (LEAR) x 1.000.000
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DEGRADERS and CRYOGENIC TARGET
Inside
CYCLOTRON TRAP I

super-conducting split coil magnet

5*He(5g-41)

E=1.798 keV
40 mbar

+

LT 2 272 2272

I I I I I T I T
50° 660" 10 20° 30’ 40' 50" 670
C) arm |l
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EXPERIMENT I

How to achieve ultimate enerqgy determination and resolution?

together with

sufficient count rate?
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BRAGG'S LAW nA=2d-sinfg

n order of diffraction ® angular spread of reflection

A wave length

d spacing of diffracting planes

05 Bragg angle }\’1

1, extinction length  coherent reflection
T, absorption length incoherent

usually 1, <<t,
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calculated CRYSTAL RESPONSE

Peak 0.7 ' ' o
reflectivity o - Rocking curve |
| silicon 111 . .
0.5 diffraction theory
2.8 keV
041 387 meV 7] XOP2 code
03 - 4 plane crystal
02 i
0.1 i
0 L 1 |
-1000 -500 0 500 10

microrad

for real crystal mounting?

no narrow few keV ylines
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Johann-type SET-UP

ultimate enerqy resolution

digitizotion

position-sensitive detector
Charge-Coupled Device (CCD)

position & energy resolution high stop density
= background reduction = high X-ray lineyields
by analysis of hit pattern = bright X - ray source

L. Simons, Physica Scripta 90 (1988), Hyperfine Int. 81 (1993) 253
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PIONIC HYDROGEN collaboration - SET-UP at PSI

PSI experiments R-98.01 and R-06.03

. . _ TC
pion stops in gas: few % of 108/s \ | measurements  mH(2-1), tH(3-1), H(4-1)
4 aD(3-1)
r{;’}\ - ' H(3-1)
J . -
ot . g
"84 cyclotron trap BRAGG CRYSTAL Si 111
0 spherically bent

e

R =3m
@ =10cm

FOCAL PLANE DETECTOR
3x2 CCD array
—) ‘ ,‘ pixel size

A\mi.‘/
'8 40 um x40 pm

ES

crystal spectrometer setup : see talk by
e M. Jabua
nH(4-1) and nD(3-1) Bpg nqq~40° _-_— Fr 14:30

D. Gotta, IKP, FZ Jilich Folie 16



EXPERIMENT 1l

How to measure the resolution of the crystal spectrometer ?
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CALIBRATION by fluorescence X-rays

N,
N
5 $
<5
2500 Q '
.\Q Si Ko
2000
quartz 100
1500 -

rocking curve

energy/eV

closest to energy of pH(3d-2p)

excitation
of Si X-rays
by means of
X-ray tube

high rate

large line width and satellites - resolution hardly measurable
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RESPONSE FUNCTION

\.
@
S
N A,:q,
300 e B |
> i 0 °He(5-4)
2 v
%S_' quartz 100
é 26 mbar
®» -+ AE=286%7meV
s
00 =
O 100+ <
> | 7
- i)
u/ I\,%,@\'\
0 ML 1 S I I | ! |
1686 1687 1688
energy/eV

from exotic atoms

closest to energy of pH(3d-2p)

920 events

3 days
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SPECTROMETER RESPONSE new approach (PSI) ECRIT

ECRIT = Electron Cyclotron Resonance lon Trap

water cooled hexapolej

Superconducting coils

. cyclotron trap

permanent hexapole
. AECR-U type
. 1 Tesla at the hexapole wall

. open structure

large mirror ratio = 4.3
| Bhin !

Bmax

S. Biri, L. Simons, D. Hitz et al., Rev. Sci. Instr., 71 (2000) 1116
K. Stiebing, Frankfurt — design assistance
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CRYSTAL SPECTROMETER and PSIECRIT

Electron Cyclotron Resonance lon Trap

cyclotron trap (4) + Flexapole magnet (2)

aperture
T o s A
A e n o I o S
Y
Bragg crystal — A 2
31 |- o e 52
Vs ;@Z //?f// L
A ] o Yias
(. T IERE
- 22
~ l 7% //%////////// //////////// o
) 5 U see
- ras
| . s s
L cleaning HF Z 7
magnet

6.4 GHz, 450 W

or

,burning®argon
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SPECTROMETER RESPONSE at ~H Lyman ENERGIES

M1 transitions in He - like S < wH(2p-1s)
Cl &  zH(3p-1s)
Ar < mH(4p-1s)
3000 ; "
g 14+ f; ]
5 (1s2p) s,
2000 255, 5115, 4 p < p,
» . i3 *Pa
= | M1 transition 13
g i (’3 +§ »
= 3 3 G
1000 Sio111 i gi
. £ : 15— 1
£z §§ fz
A v,
-

| I I I I I I I
2426 2428 2430 2432 2434 2436 2438
energy/eV

30000 events in line (3 h) «» tails can be fixed with sufficient accuracy
to be compared with Monte-Carlo ray tracing folded with plane crystal response

D.F.Anagnostopoulos et al., Nucl. Instr. Meth. B 205 (2003) 9
D.F.Anagnostopoulos et al., Nucl. Instr. Meth. A 545 (2005) 217
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CHLORINE SKY LINE

C| 15+

Intensity

A M1

Pimusal K alzha cHa citn CH ci+1z CH13 Mt OIS O 271 OIS Energy

0

RESPONSE FUNCTION
2757 ev
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PHYSICS POTENTIAL

LEAR experiments

PSI experiments

PS 175

PS 207

R-97.02
R-98.01
R-06.03
R-98.02

cyclotron trap

L. Simons et al.

antiprotonic hydrogen
pion mass

pionic hydrogen
pionic deuterium

muonic hydrogen Lamb shift
A. Antognioni, F. Kottman, R. Pohl et al.
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LEVEL SCHEME and CASCADE

particle capture when slowed down to a few eV kinetic energy into high-lying atomic levels

Stark mixing n—1 coplure upper part

Pk : : - interaction with the remaining electrons
ot - Auger emission

intermediate part

/

X-radiation from hydrogen-like atoms

‘ lower part

observable hadronic ERCie :
él shifts and broadenings finite size effects

- strong interaction
I_'Is
RN

under suitable conditions

Folie 25
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CAPTURE and DE-EXCITATION

multi-particle systems

Folie 26



ATOMIC BINDING ENERGY

Ze Ze
EB = ECoulomb - T >"W‘<
h

self energy + vakuum polarisation + higher orders

+ AEscreening capture  x~+[A(Z,N)Ze] = {[x"A(Z,N)]ne-} + few e~
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CAPTURE and UPPER PART of the ATOMIC CASCADE antiprotonic atom

where? N = 40-ng
how? Pop(n, ¢) oc (20 +1)-e~%
Np Nns —1 capture
P01 2 et e
;/ ;/ ! E, T . ‘ . o
' ' M internal Auger effect | Ta «Z? «(aE) /2
/// / | // J/ /‘/7— // ///
\\\'\QQ// o L . /' " /// /T/i/+ : : 4 3
~ ¥R o l) X-radiation | I'x oc Z*% o (AE)
\Q}Q - —— |
\Q // / /// ‘//// i //////
QQ) S gl //./'/ -
\QQ 4 = ' / 1] =k
< / / /// e

competition between AUGER and RADIATIVE DE-EXCITATION
electrons are peeled off like onion shells

Folie 28



ELECTRONIC & ANTIPROTONIC X-RAYS - XENON

13 2 pXe
o 1 per formed atom
many remainin
y g 800 " 19 mbar
electrons e o =
i © E
= o <
=3 . <
400
S _. X
p—
=
= |- -
2 400° =2 5
] o o R =
300—: — : ,_? = <~
E - &
:&250:
CR.
\gzoo? 12
-*5150; :Ii
Eiod J Vo AN | aa---T = e
- ] - 0 T T T T T T T T T T T T T
50-] 10 20 30 40 50 80
] energy (keV)
A 2’7 ' 2|5 ' 2|9 ' 3‘0 I ,’;1 I 3N2 I
energy (keV) data: PS175 Ar, Kr, Xe
many unresolved lines ? Reanalysis: D.G., K.Rashid, B. Fricke, P. Indelicato, L.M. Simons,

Eur. Phys. D 47 (2008) 11

OUTLOOK - high resolution spectroscopy
- coincidence experiments X-rays / Auger electrons

Folie 29
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CHARGED PION MASS

How to measure the mass of a short-lived particle?

life time 7,+=26 -10°s

= use a hydrogen-like systems

Folie 30



ATOMIC BINDING ENERGY

Ze

Es = Ecoutoms o« My >“"’“‘<
+ AEqep M ><'><
h

self energy + vakuum polarisation + higher orders

Folie 31



measurement calibration

wN(59-4f) uO(5g-4f)

* point like Coulomb potential

B — — — =~ :
RGNS 7 BT A .
ns — = o= : * no electron screening
-10 - 4.05 keV ° =
; Eosg-an ! Eansgan = My/ M,

n=4 — B

15-

20| n3

simultanuous measurement

Es /keV

Folie 32



<« pion mass —

-sensitive detector

Charge-Coupled Device (CCD

position

PeAJOSSE JOU §4 paafosar G
(1r-3c)or  Pr-Jg)or
8§ 3 3 8 °
Sunos
‘%
(G
%\?t
@
o
—
D
—
Al
L
— ~
L
N

500

200

100

pixel 340 pm

Folie 33



PROTON CHARGE RADIUS

muonic hydrogen Lamb shift

Folie 34



ATOMIC BINDING ENERGY

1 Ze

Eg = ECoulomb I oC M >“""“<
+ AEqep %w< >~<’>~<
h

self energy + vakuum polarisation + higher orders

probability density . lw,(r) | 2r2dr

|¥,,(r) | 2r2dr 2p: |W,,(r) [ 2r2dr
+ AEfinite size

‘‘‘‘‘‘ 250 650 r/fm

——
—

nuclear density ™\~ ™
p (r) AA\l A>»1
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MUONIC HYDROGEN LAMB SHIFT

€Pp P
large! 2-10°fm small! 1-103fm
3Py e 2 3/ =
=0
—206 meV proton charge radius
50 THz
44 peV 6 um
pe (0.8768 £ 0.0069)-10-> m  H spectroscopy
4 ,ueV + . -15 .
1058 MHz (0.897 £0.018)-10> m electron scattering
finite size:
+ 4 meV
25172 = AN 25, /5= - (0.84184 £ 0.00067)-10® m pH
2Py /o =0 1 27:6—23;115\/ error >~ error / 10!

very sensitive to proton charge radius

KUH collaboration: see e.g. R. Pohl et al., Hyperf. Int. 193 (2009) 115;Nature, vol. 466, issue 7303, pp. 213-216 (2010)
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MUONIC HYDROGEN LAMB SHIFT - EXPERIMENT

1. Stop pions in cyclotron trap

2. extract decay muons to
extraction channel

3. Form pH in dilute hydrogen
4. Pump 2s-2p resonance with laser

5. Identify 2s-2p energy difference by
resonance condition
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STRONG INTERACTION

PION-NUCLEON SCATTERING LENGTHS

»OCD Lamb shift*

Folie 38



ATOMIC BINDING ENERGY

/e

EB - ECoulomb e

+ AE

+ AE

+ AE

QED

finite size

strong interaction

Ze

ek
X

self energy + vakuum polarisation + higher orders

probability density

1s: | w,o(r) | 2rdr
|w_(r) | 2radr

2p: |W,,(r) [2r2dr

““““““ ~250 650  r/fm

—
——

nuclear density ™"~ =
p(r AA\l A>%1 hadronic effects in 1>0 states

1 5 r/fm
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HYDROGEN & DEUTERIUM - ORIGIN OF 77,

/ CEX scattering NAI. -
7|7

ntH scattering 7P —= z°n +ny
radiative capture NAI. -
g
BR are well known from experiment
nD absorption #d — nn +nny

,true“ absorption TC

“N

o H,

Folie 40



PIONIC HYDROGEN 3p-1s transition

't
£ calibration TEESITES B 5 T //7—///
£'% O(6h - 59) X-ray spectrum ;/// %
B //
80 - y//
////
Z
1 nH
E =-3238eV
mwH(3p - 1s) 2 / B
W without = 1 aH  _
1 strong interaction 0.8 eV aBohr 140 fm
20
Y
RURDRENIIPIE LA

2876
energy / eV

scattering lengths experiment Trueman correction  yPT *
H g o a.,,., o«<at+ta + + 0.2% o™ 1% + (-9.0+3.5)%
[ (@Qppomn)® < (@7)° + £ 25% ..~ 1% + (+0.5+1.0)%

D g.x a4 .9 o 2:at + + 1.3% R 1% 4+ + 4%

* J. Gasser et al., Phys. Rep. 456 (2008) 167
M. Hoferichter et al., Phys. Lett. B 678 (2009) 65
V. Baru et al., Phys. Lett. B 694 (2011) 473

D. Gotta, IKP, FZ Julich Folie 41



PIONIC DEUTERIUM SHIFT

25001
o 2000, Ga Ko Si (333)
energy calibration (Gaks)
-2 1500
=S I
S |
Ga Ko 1000 | |
5001 i
0 T T T i T T
9180 9210 : 9240 9270
energy/eV
600 :
: : mD(3p-1s) Si (111)
strong Interaction
400 1 1.1 bar 27K
© (10 bar)
<
3
D(3p-1 s Eqeo
T ( P- S) 200 | ‘
3060 R 3070 ) 30|80 3090
T.Strauch, PhD thesis: (FZJ, Univ. Cologne) energY/eV
g=-2¢eV

target material: GaAs

by chance: tabulated energy
also

from GaAs

identical Bragg angle
3 bar

10 bar

22 bar

to identify molecule formation
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which scattering length?

nH(np - 1s) energy shift & = a

4 = 7P
wH(np - 1s) level width 1" = App
wD(np - 1s) level shift & ;¢ = By g VB

two independent scattering length - all others linked by isospin

" #D(np - 1s) levelwidth I",, = Ja

7—d = nn+nny

Folie 43



nN isospin scattering lengths a* and a-

Aexp =2 xAtheory -no LECf,in NLO

=1

it/ 1073M,

"level shift of xH width of mIf : e a*>0 '

92 90 88 86 84 82
—a= / 10730

FIG. 2: Combined constraints in the a*—a~ plane from data on the
width and energy shift of = H ., as well as the =) energy shift.

2PT: V.Baru, C. Hanhart, M. Hoferichter, B. Kubis, A. Nogga, and D. R. Phillips, Phys. Lett. B 694 (2011) 473

data: #H - R-98.01: D. Gotta et al., Lect. Notes Phys. 745 (208) 165 (preliminary)
7D - R-06.03 : Th. Strauch et al., Eur. Phys. J. A 47 (2011) 88 (final)

D. Gotta, IKP, FZ Jilich

A exp << Atheory - LECf;

A exp << Atheory - LECf;

. constistency v

Folie 44



NUCLEON-ANTINUCLEON

SPIN-SPIN and SPIN-ORBIT INTERACTION

Folie 45



THEORETICAL DESCRIPTION

vCou]omb o Uhadronic

Ut adronic = ™Meson exchange 3 annihilation
scaltering: pp <-> pp Bp —> mesons
pp <=> nn
G-parity —
NN ———— > NN U < apl(r)

~ 1 fm

Im Uhadronic
~ 10 GeV B—

Re U hadronic

e, T <==> medium + long-range part of NN inferaction

Buck, Dover, Richard, Ann. Phys. (NY) 121 (1979) 47

spin-spin "deuteron” no microscopic theory
spin-orbit effects

<= check spin dependence!
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PROTONIUM - s & p state strong-interaction effects

1 ABioi
D,
32 _ 3
[(3d] sgi 5 3 ——Fo ‘
301 — "
/meV
AE=1.74 keV
Ip
39 -71
35;‘ T

AE=8.68 keV

-750
-540

/ev

€ >0 (<0) = attractive (repulsive) interaction

d state

strong interaction negligible

p state spin-orbit interaction

~ meson exchange:
S~o strongly attractive
~~ | isoscalar tensor interaction

Richard, Sainio, Phys. Lett. B (1982)349

s state spin-spin interaction
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PROTONIUM

3d | 383 / 7

AE=1.74 keV

1Pl

(2] 3%

Sh

AE=8.68 keV

LEAR experiment PS207

M. Augsburger et al., Nucl. Phys. A 658 (1999) 149
D. Gotta et al., Nucl. Phys. A 660 (1999) 283

-7
15

277

/ meY

- -750
4 -540

/ev

- EXPERIMENT

cyclotron trap + MOS CCD

ABgep
i'\o
NS
000 T
oo & pH(3-2)
( o
300 - mo_;\‘ quartz 100
. 22 mbar
o 200 QED
—— +had.WW (DR1)
100
0= e I'|I“ I T et
1736 1737 1738
energy/eV
9
O
N
<o
é{b ‘0\)\ BBe
5-4 =
.04&&‘@ ey 5H(2-1)
JE 20 mbar

1.CCD 13 x 8 mn?

energy/keV

bound states ?

== most recent theo. paper:

J. Carbonell,
Nucl. Phys. A 692 (2001) 11
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SUMMARY
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PIONIC HYDROGEN STORY

= ™

shift, width / eV

almost 40 years

HYDROGEN i DEUTERIUM
8,0 . 15
8 11 °
P o .- T o
6,0 -0,5 /
| > .15
50 _ T 3
é) e 2006
= % tr -
40 S S -25
° z
30 2 / % 35
<
4,5
2.0 2005 + J
1,0 " — 5,5 ‘
0’0 - - - '6,5 T T T
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010

year year
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ANTIPROTONIC HYDROGEN

STORY swave

1
shift, width /ev M| ™M

HYDROGEN HFS DEUTERIUM
no unbiased analysis
2000 2000
. -
So T
1500 ] 1500
>
(b]
S
1000 * TEJ 1000
l* . =
1 <
So{ 381 wn
500 * 500
LEAR LEAR
0 T T T 0 T T T
1970 1980 1990 2000 2010 1970 1980 1990 2000
year year

2010

still alot to do !
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