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Strong-interaction effects in light antiprotonic atoms

Detlev Gotta
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Antiproton-nucleus interactions and related phenomena, ECT Trento, 21.6.2019
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EXOTIC ATOMS
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Probability density = r2|Rnr(r)]2
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EXOTIC ATOM

replace electrons by heavier negatively charged particles

Probability density = r2|Rnr(r)]2
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ATOMIC BINDING ENERGY

Es = Ecoulomb oC Moy >""M<
s
+ AEqep >~ww< >~(>~<
h

self energy + vakuum polarisation + higher orders
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ATOMIC BINDING ENERGY

Ze ze
EB - ECoulomb — T >~‘N‘<
+ AEqep M >’<>~<
h

self energy + vakuum polarisation + higher orders

T AEscreening capture  x~+[A(Z,N)Ze] = {[x"A(Z,N)]ne-} + few e~
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ATOMIC BINDING ENERGY

Ze

EB - ECoulomb -

+ AE

+ AE

+ AE

QED

finite size

strong interaction

Ze

ek
X

self energy + vakuum polarisation + higher orders

probability density

1s: | w,o(r) | 2redr
lw_(r) | 2radr

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

\\\\\ —-250 650 r/fm

.
-
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including STRONG INTERACTION

Ze*
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probability density
| W (r) | 2r2dr

HADRONIC ATOM

1s: | ®(r) | 2r2dr
2p: | ¥, (r) | 2r2dr

250 650

r/fm

strong - interaction effect

o il
i Wil
i

nuclear density ~C~_ ~ i level shift £
p () A%l A1 hadronic effects in 1> 0 states ,,,/ level broadening I”
% Fls r-t=2rh
1 5 r/fm 1 €15
AE =€e—i- = [wl
strong — €—1 E - f‘Pnl Ustronglpnl dV « a € C
AEy.,n, reduces to complex numbers - scattering length ag for s-waves

- scattering volume a, for p-waves

scattering experiment at threshold = relative energy =~ 0
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ATOMIC CASCADE

capture

2 Fcapture «Z -1

__ e S ‘»7_ FOREHLLLIIN, o TS
PR 7\ i e -

At =h
£>0(<0) =

L S it e 00 o

— " ——
——

X—radialion

X-radiation

observable hadronic
shifts and broadenings

attractive (repulsive) interaction

OBSERVABLES

- X-ray energies

- line intensities

- line width

GOAL

scattering length

a o &-il/2
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Prediction

1947 Fermi &Teller

First X-rays from pionic and antiprotonic atoms

Rochester 1952

X-Rays from Mesic Atoms*

M. Camac, A. D, McGuirg, J. B. Pratt, anp H. J. ScHULTE
University of Rochester, Rochester, New York
(Received August 18, 1952)
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Fig. 1, Pulse-height spectrum from carbon.

CERN 1970

OBSERVATION OF ANTIPROTONIC ATOMS

A.BAMBERGER, U.LYNEN, H.PIEKARZ~*, J. PIEKARZ **, B. POVH and H. G. RITTER
Max-Planck-Institut fiir Kevnphysik, Heidelbevg, Gevrmany
and CERN, Geneva, Swilzerland
and
G. BACKENSTOSS, T.BUNACIU, J.EGGER***, W.D. HAMILTON f and H. KOCH
Institut fiir Experimentelle Kevnphysik der Universitil und des Kernforschungszentrums,

Karlsruhe, Germany
and CERN, Geneva, Switzevland

Received 28 August 1970

Ge(Li) semiconductor detector
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Fig. 2. Antiprotonic X-ray spectrum of gyTl obtained from 14 x 106 stopped antiprotons measured with a 10 cm3
Ge(lLij-detector.
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ELECTRONIC & ANTIPROTONIC X-RAYS - XENON

What happens when an antiproton meets 54 electrons ?

many remaining electrons —
13 2 p)(e
per formed atom
: 800 19 mbar
n internal Auger effect "
n-1 capture 2 "
=0 1 2 % © >
~A0-200 SN N N N e = i g
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T o T T T o iy
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’:@zsa—: i -4 A i h’ _ - energy (keV)
EM*_ 'i. Ch e - data: PS175 Ar, Kr, Xe
EHISQ_E f H ﬂﬂ/‘r’ ' analysis:  D.Gotta, K.Rashid, B. Fricke, P. Indelicato, L.M. Simons,
Cmo'pi \jw J}J | Eur. Phys. D 47 (2008) 11
SD_:ﬁ[‘— u'ﬁu‘n— —_ MM\L“W_—&'H]L‘
M S I - high resolution spectroscopy with crystal spectrometer

energy (keV)

many unresolved lines ?

- coincidence experiments X-rays / Auger electrons
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strong-interaction effects in Z< 8
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pre - LEAR experiments 1974 - 1980

Si(Li), Ge

LEAR experiments 1983- 1996

1988

1983 -

1996

1984 -

PS176

PS171
PS174

PS175

PS207

Si(Li), Ge

XDC
Si(Li), GSPC

cyclotron trap
Si(Li), Ge, XDC

cyclotron trap
crystal spectrometer
CCDs

targets
4He Li
4He Li
I--|2
H, D,  “He
H, D, 3He “He
I--|2 D2

N O

N O ..
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STRONG INTERACTION
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THEORETICAL DESCRIPTION

VCoulomb + Uhddronic

Ut adronic = Meson exchange + annihilation
scaltering: pp <-> pp pp —> mesons
pp <=> nn
G-parity -
N ——— > NN U e« aplr)
s 1
Ij
Re Uhodronic B Hhadiite at present no satisfactory
microscopic description
~ 10 GeV (i.e. at the quark level)

£, I <==> medium + long-range part of NN interaction

spin-spin "deuteron” no microscopic theory

spin-orbit effects

<= check spin dependence !

Buck, Dover, Richard, Ann. Phys. (NY) 121 (1979) 47
Klempt, Bradamante, Martin, Richard, Phys. Rep. 368 (2002) 119 - review
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NN POTENTIAL — real part

G-parity for fermion-antifermion systems 7] = (— 1) Lol

guantum numbers meson contribution

OW

3 < 3
S = & L7, ~
> % = / 3. =
< > 2.4 ) Po NN -
/ NRD MODEL |

/ .
-3.2F S~TOTAL 1=l ° B

U

bound states?

r(fm)

would lead to anomalous behavior of shift and width

spectroscopic notation: 2+L.25*1|
but: annihilation - many bound states disappear
Lacombe, Loiseau, Moussallam, Vinh Mau, Phys. Rev C 29 (1984) 1800,
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Antiprotonic Hydrogen and Deuterium
2p hyperfine splitting

2p
i S omh N Il [ S —
1o} wl P 3"
200} 20
| n . N
e oY
%;,’
2p 2p 4pg/2
_ i S A
oD wml A P o |
%ﬁﬂ 1004 Pip b
0 oY
Bp
e
ABYF,r ABgmy S AB\'I'-‘.r ABgry €y
old new

bound-state QED + strong interaction
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AE=8.68 keV

PROTONIUM - hyperfine transitions

3d

AE=1.74 keV

2p

1s

T
RIS

\\\\\\\..\\
St TSI
FRRRRIRLKLRKS

Strong HFS:
J.M. Richard, M.E. Sainio, Phys. Lett. B 110 (1982) 348
J. Carbonell, G. Ihle, J.M Richard, Z. Phys. A 334 (1989) 329

s

<<
%

X

QED HFS:
S. Boucard and P. Indelicato, to be published
Veitia, Pachucki, Phys. Rev A 69 (2004) 042501

277

JmeV

-750
-540

eV

ABgep

strong-interaction effects in s- and p-states

d state

strong interaction negligible

p state

spin-orbit interaction

~< meson exchange:
~ | strongly attractive
isoscalar tensor interaction

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

S state

spin-spin interaction

€ >0 (<0) = attractive (repulsive) interaction
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3d — 2p HYPERFINE TRANSITIONS
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A <4 nuclel

hadronic effects in s, p, and d waves

pp s-wave spin-spin interaction !S;,/3S,
pd pn isospin
pp, pd p-wave spin-orbit interaction

nuclear bound states

PA(N,2) annihilation strength
baryon-antibaryon asymmetry

X-ray energies bound-state QED
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EXPERIMENT |

general considerations for stopped antiprotons Z <2
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ATOMIC CASCADE

isolated hydrogen atom

X—radialion

Iy < z*
oc AE®

had / observable hadronic
anad % / shifts and broadenings
n3 9
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ATOMIC CASCADE

Stark mixing

exotic hydrogen is not an isolated system

n,llE1ln,I+1)cn n? —|2
(N 1EZn, 1 £1) e ny

n—1 coplure

- —
AN i 2N L ok
—_—

collisions with H,
G,
”/')-’?/_g.
(@] o

3 2p* PQp

I g FAOCZ/AEl/2

Coulomb de-excitation

external Auger emission

X—radiation Iyl at Ny = 9
Iy < z2*
oc AE3

observable hadronic

é/ shifts and broadenings
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LINE YIELDS

strong density dependence

collisions — electric field — Stark - mixing z=1 (z=2)

I nin %0
= 0 1 2
— — G o o o
nuclear reactions 2 GeV/c? per annihilation pp >nn*+nm - +mn’
= large beam-induced background N2y
Y :
% [ - Lyman a X-ray yield Yy <1%
80 [ pH
~
50 - \\ o— ——Bamer o | Ps17a annihilation X-ray p
L ~N PS175
2p
40 \t}\ LR
i \+\ 1%
20 -4 ,
R ‘#‘\\\\\ 99%
0 vyl 1 vy rend M| Illllﬁ 73‘:_1"11 1s 0
0 1 2 3
10 10 10 10 p/mbor
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ANTIPROTONIC HYDROGEN Lyman and Balmer series

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

\§ \"
e\‘e et
RN gt
G S
\ 5© ((\e‘a
i o\
two different energy ranges oﬂs‘ 6“90
H f , — Balmer series —
Balmer series pH 30mbar pD
40007 || ol [ i = 30 mbar
from high n states Si- (L)
2000 4 |
II, »
0 _: T | I T ]
2
10 12 14 E/ke\/
I ~30-500 meV I ~1keV
Yy ~#50% Yy ~#1%
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EXPERIMENT I

PS 175 + PS 207 - X-ray source + X-ray detector

PS 207 - X-ray source + crystal spectrometer + X-ray detector
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CYCLOTRON TRAP

X-ray detector

cyclotron trap
gas cell

concentrates particles

“wind up” range curve

in (weakly) focusing magnetic field

increase in stop density

pions (PSI) x 200

= high X-raylineyields
= bright X - ray source

antiprotons (LEAR) x 1.000.000
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CYCLOTRON TRAP

superconducting split-coil magnet

In gaseous targets

gain =~ 10 compared with linear stop arrangement

stop efficiency ~ 80% @ 30 mbar

cyclotron trap: L.M. Simons, Phys. Scripta T22 (1988) 90, Hyperfine Int. 81 (1993) 253
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DEGRADERS and CRYOGENIC TARGET
Inside
CYCLOTRON TRAP II

super-conducting split coil magnet
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DEGRADERS and CRYOGENIC TARGET
Inside
CYCLOTRON TRAP II

super-conducting split coil magnet

stop efficiency 80% @ 30 mbar

5*He(5q-4f)

E=1.798 keV
40 mbar

OIS ITI LI PLRI YR GO D LI PIIGT Y.
I I I T T

20° 30 40 50° 670
®urm Il
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PRINCIPLE of SET-UP

ultimate enerqy resolution

diglization

Vi I“.".‘Eé’ér".".'i?_,'"—!
P = v i v v o g qu’
S  — v

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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105 MeV/c
PS207 - LEAR

106/s

1 MOS-CCD
stop volume =~5cm?3
stop efficiency 90% CRYSTAL SPECTROMETER |
at p =16 mbar N
\\\\\\\\\‘\\\Q 1 Bragg crystal
\ W ®
T N vacuum tubes energy energy
— (ooa ‘ determination  resolution
| - |\|A" l
few 10 -6 few 10 -4

PS 207  pn—CCD
X-Ray tube

PS 207 MOS-CCD
PS 175  Si(Li) CYCLOTRON TRAP

crystal spectrometer

direct measurement -
requires DC beam!
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spherically bent

radius of curvature
2985.4 mm

energy range

quartz, Si
E=1.7-15keV

energy determination
AE/E >1-2-106

energy resolution
AE/E 2104

BRAGG CRYSTAL

_——
¥ 7,
-

’

i_.—-
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DETECTOR crystaispectrometer Large - Area Focal Plane Detector

CCD: charge-coupled device AE~150eV @ 4 keV
& ~ 90% Si(Li)

allows background suppression ~

no pattern recognition

2 x 3array of 24 mm x 24 mm devices

CCD = Charge—Coupled Device cluster analysis

X
== mni| X

NGOhnoiiae \,\1

Y

AE/E like Si(Li)

charge {ADC)

¥ h o ] n
flexible boards — Si Ket c
-~n ‘; Lo 1740 ke¥ §
\ ‘ L.-: — B0 | l ©
R : 160 o pile up (2x) %
.+ S pixel size oot It}
- 4 I plle up (3x)
— 40 pm x40 pm . o e
n
p°He(5-4) -
1,687 k¥ o
N. Nelms et al., Nucl. Instr. Meth 484 (2002) 419 o without cluster analysis §
po k]
000
pixel distance N
7°He(5-4) g
manufacturer " 187 ke 3
@ 20°C 40.0pum £ 0.17 nm w o
@ -100°C 39.9775um £ 0.6 nm  prel e i
10001, e
2 4 8 100 m'ina‘o;m&»'m“
P. Indelicato et al., Rev. Sc. Instr. 77 (2006) 043107 energy/keV phiel @ 22.5 pm
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RESULTS from LEAR

-PS 175
-PS 176
- PS 207
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NUCLEON-ANTINUCLEON

SPIN-SPIN and SPIN-ORBIT INTERACTION



EXPERIMENT - PROTONIUM 1s state

cyclotron trap + MOS CCD

LEAR PS207: M. Augsburger et al., Nucl. Phys. A 658 (1999) 149

gleV I'/ev

spin average -714 £14 1097 £42

1S, - 440 £75 1200 +250*
38, -785 £35 940 + 80*

* fixed 1S,/ 3S, ratio
background from pD

&0 pH(2-1)

20 mbar
1CCD 13 x 8 mn?

/ 600
AE=8.68 keV e fe

E’H Krest

= (7+1)-10-3

counts / 32 eV
i

R il N l-l
b 'Il N

i

200

HFS splitting?

KK
LTS

1s

KK,
5
oot

s
%
9.

S
%
X

SR
EERTELRRSEES

7 8 9 10 1 12

energy/keV

X2
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EXPERIMENT

3d | %

AE=1.74 keV

- PROTONIUM 2p state

400

300+

200

100

cyclotron trap + crystal spectrometer
AE =290 £9 meV

LEAR PS207: D.Gotta et al., NP A 660 (1999) 283

1 " pH(3-2)
‘70_‘_
ns quartz 100
= 22 mbar

+had.WW (DR1)

- bound states ?
B [
/ J. Carbonell,

a ; . Nucl. Phys. A 692 (2001) 11

I I
1737

J/¥decay —» new theor. efforts
energy/eV
€/ meV I'I meVv
spin average +15 +20 38.0 £2.8
3P, +139 £38 120 +25
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EXPERIMENT

e Fe Ky

800

S
—
R

S 600~ ﬁ i < - 20 mbar
|' o ]
= Ml E CCD1
w Wy | g =
\ | r @ -
400 4! ,
A N ‘ﬂ: ®
S S, ¥ o=
g g f 1R ,f
o S A - i
200 hﬁ/ \’LL o i
Stand 401) }?%ﬁ@m -Q\m =
I:?anck%rround =g ] g
pD Ky
0 1 : ... |
6 8 10 12 12
energy/keV
n
120 pD(3-2)
Si 111
=8 30 mbar
--~ "old” HFS
40
T £
o U T T T s T
2314 2316 P

energy/eV

- ANTIPROTONIC DEUTERIUM

ground state transition weak signal

spin average € =-1050 +£250eV

I, = 1100 + 750 eV

LEAR PS207: M.. Augsburger et al., NP A 658 (1999) 149

Yo = (5+1)-10-4

2p state HFS not resolvable

spin average &p =—243 £26 meV
I, = 489 30 meV
LEAR PS207: D.Gotta et al., NP A 660 (1999) 283

AE = 333 +£34 meV



EXPERIMENT - ANTIPROTONIC HELIUM

M Stark rnixing
. =0 1 2 _
5% Rl
Rl i g =
Q\(-\\\C:\?\Q #* /__ >
&=

X—radialion

€15 I'15- NOt Observable

n—71

Coulomb

Augereffect

I'34: indirectly observable
via intensity balance

ae—¢g

caplure

sxcitation

€p I'pp: directly observable

had _ pel.—mag [ Popzq
rht = e, (22 _q)
3d-2p
™ =k .
. P ‘He Sil
300 ~ 72 mbar .
700 - i o\
o 1 o
i I o ™ N '
0 LN © 1 ~F 8
1004 <t
D T ] T 1 1 I I I T
0 2 A 6 8 10 12 1% 16 £ (keV)

PS175 M. Schneider et al., Z. Phys. A 338 (1991) 217
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EXPERIMENT - ANTIPROTONIC HELIUM results

o
X
\0 . 06 PS175: M. Schneider et al., Z. Phys. A 338 (1991) 217
(o) )
09 ;\'\6)
* égp ~ 4 \
Col P He(3-2)
Si(Li)
72 mbar
40
Gauss ® Lorentz
20 |'
|
0 I \ T

spin average € r

p3He 2p -17+5 25%9 eV
3d* 2.14 +£0.18 meV

p?He 2p -—-18+2 45%5 eV
3d* 2.36 £ 0.10 meV

energy/keV

isotope effects ?

AI'/T'=10% -50% — <5%

* from intensity balance

- SHe HFSupto 10eV
- 4He HFS 1-3 eV  unresolvable

- single - nucleon annihilation ?

Pagny © Z- Tt N- 15,
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EXPERIMENT - ANTIPROTONIC LITHIUM

counts

600

400

200 |

PS176 H. Poth et al., Nucl. Phys. A 466 (1987) 667

L

BN 54

I

I AE =480 eV 3-2

spin average €
pbLi 2p - 215+ 40
3d *
p’Li 2p — 265+ 25
3d *

r

660+ 180 eV

135+ 16 meV

690 £ 180 eV

129+ 13 meV

22 24 26 28 30 32
Energy [keV]

* from intensity balance

iIsotope effects ?
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EXPERIMENT - ANTIPROTONIC OXYGEN

PS176 Th. Kohler et al., Phys. Lett. B 176 (1986) 327
D. Rohmann et al, Z. Phys. A 325 (1986) 261

n=9
5 8-k b3 94 spin average € T
i
.EL i ru‘p ; .t
flow poO 2p state not accessible by X-rays
AE = 700 eV
—_—
5 B pO  3d — 112420 495+ 47 eV
p70  3d — 140+ 47 540+ 150 eV
= 14 B
p0  3d ~195+21 640+ 43 eV
16 e . .
p 0 ol l 1 Isotope effects visible
1,26 126 128 130 132 134
£ [keV)/ pZ°
target H,O

* 160 and 180 contributions
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ANNIHILATION STRENGTH
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ATOM DATA < LOW-ENERGY SCATTERING

hydrogen atom data
(Trueman formula)

spin average effective range fit
Im ag -0.69+0.03 -0.69+£0.04 fm
Im a, -0.77 £ 0.06 -0.75+0.07 fm

striking agreement, but spin average only!

discussion and references: K. Protasov et al., Eur. Phys. J. A 7 (2000) 429

HFS updated Paris potential HFS
Im ag -0.64 £ 0.05 -0.54 fm
reasonable ?
0 20 40 60 80 100
p/Mev/c data: M. Augsburger et al., Nucl. Phys. A 658 (1999) 149

Paris pot.: ElI-Bennicj,Lacombe,Loiseau,Wycech, Phys. Rev. C 79 (2009) 054001

data: LEAR — PS201(OBELIX)
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ANNIHILATION STRENGTH <« NUCLEAR MASS

1 10 _
- H D “He 4 H I HeHe i Li
0.8_ 1] 8_
£ .l ® &= —
Ci 1 e
o fie * e
Ay | o o_ )
S 94 g -8
= _ E. ] 3 *
| qo -
U7 s-wove i D-wWave
L
U I I | | U | I I I I T I | I
i 1 2 : 4 5 0 2 4 6 8 10
= =

K. Protasov et al., Eur. Phys.J. A7 (2001) 429
supplemantary data: PS176

saturation ? qualitatively — strong annihilation
seen also in optical potential analyses suppresses wave function
Ugpt o a-p(r) inside matter
A. Gal, E. Friedman and C.J. Batty, Phys. Lett. B491 (2000) 219 e.g. 813 <0 for FTp
p “He - 3He, T,D + X primordial nuclei abundancy
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ANNIHILATION STRENGTH
and
ISOSPIN
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Relative annihilation on p,n - isospin|1=0,1

free ﬁn S a-|=1

e pp Ja,_,+3a _ -
PP %( =Y ':1) input to neutron halo determination

=1.14+0.13 \ (FLAIR proposal)

bound __ ? n
R =0.78+0.03 pD

£ dependence

R — 0.45+0.04 / p>*He

PH & G

np

Balestra et al.
Nucl. Phys. A 491 (1989) 541
and ref. therein

streamer chamber } Final state charge

I(p°He) } prediction from single nucleon approximation
:T=O84i002 r oC Z ) F_ + N ) F_ |
['(p"He A(ZN) Pp pn
_ 1 T(p°He) pH&o,, — 1.3x0.2
L(p°He) Y% _Ja,,+2-Ja, . (Sal:lj: I'(p*He) iy P
r(p‘He) 3Ja,, 3Ja,,+3-3a, Ja,, 3_r(53He) 5 p*"He2p — -1.3%£4.0!

[(p*He) 3d — 0.1+1.6
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Relative annihilation on p,n - isospin|1=0,1

relation to hadronic line width

f‘(§3He) _ 2_|_ Rbound
(p*He) 2+ 2RPeund

R from T(p*>*He)if % ~ %0

I =T corrected for different overlap (=%o)

' result from X-ray data

i ’ \
1 4 \
T (p°He ! !
| (E ) _ 0.83+0.12 — RPound —10.52 *2-8%,
! p \ 4
i Mo P
2 \ ~—
input from cascade theor 1
X-rays average 2p + 3d & ol ols 2 1:0\_‘5
atomic state: 50% p- + 50% d-wave -1
cascade calculation — G. Reifenrother et al., Th. Jensen average
-2
IHe /T*He
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RECENT DEVELOPMENTS

mainly from pionic X-ray measurements (PSI)

- R-94.01 z/pu mass ratio

- R-97.02 pion mass

- R-98.01 pionic & muonic hydrogen
- R-06.03 pionic deuterium
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DETECTOR
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counts / 32 eV

again PROTONIUM ground state

readout 1frame/10s

R BH(2-1)

20 mbar
1CCD 13 x 8 mn?

600 —

400 ¥ _
ol PH Krest

7 8 9 10 1"
energy/keV
eleV I'lev

Spin average -714 +£14 1097 42

1S, -440 £75 1200 250 *
3S, -785 £35 940 + 80*

* fixed 1S,/ 3S, ratio
background from pD

M. Augsburger et al., NP A 658 (1999) 149

N~
o ;
N theory experiment
&) nt 200
Thes
sV -
1888 l = E
AN .
Me
1488 | —
\. i
1208 | N —
" ¢
we -—————— — — H i }
830 1 | }
e _F______‘—____:_,;_ -
30 - o 351 L
=t DPS KW DR SHP GW M—Z—ﬁ 2 §—
- -
[7s] [72]
Enrs | N o o g.)
eV
189
&
- !
$ 5
3 g S1
S, %
=
&
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again

readout 1frame/10s
pBe
4] pH(2-1)
600 —
s 28 20 mbar
o 1CCD 13 x 8 mn?

E’H Kres}

energy/keV

gleV I'leVv

Spin average -714 +£14 1097 42

1S, -440 £75 1200 250 *
3S, -785 £35 940 + 80*

* fixed 1S,/ 3S, ratio
background from pD

M. Augsburger et al., NP A 658 (1999) 149

PROTONIUM ground state

N~
o .
~ theory experiment »,new“ theory
2 nb a0 | CHPT'based
1-‘HFS .
eV — L L.Y-Dai,
J. Haidenbauer,
U.G. Meissner,
158 | (. PRD 91 (2015),
N _ JHEP 1707 (2017) 078 ,
Mc wen
408 -
\. i
1208 | N -
n % —
we —— ——— — — — H - }
/% I || = }
e Sty _;;;_ =
30 - o 351 L
=t DPS KW DR SHP GW M—Z—ﬁ 2 §—
- -
[7s] [72]
Enrs | N o o g.)
eV
189
l —
- !
$ S s
2 g S
S, %
=
&
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FAST CCDS for direct measurements

fully depleted fast CCD (pnCCD) X—roye—> ~ mc prototype
-t =300 - 500 pm s
. .. (] —F= £ 1 sz

- high efficiency up to 25 keV . . .

64/128 channel llel y= pixel size 150 um
- 400/1050 ? . s/Ioalra ) = AE/E =180 eV
- ramesss = ‘ 400 frames/s
- 150/75 pm pixel size amplifier &

7 atoms PSI
needed: statistics

pH(2-1) 20.000 — > 200.000 events

pD(2-1) 2000 — > 10.000 events

to confirm evidence for 1s shift and broadening

AD - ASACUSA/MUSASHI

slow extraction + gas cell
105 p/s! traps + atomic beam

- ELENA

no slow extraction!

A. Ackens et al., IEEE vol. 46 (1999) 1995

H. Gorke et al., AIP conf. proc. 793 (2005) 341 ,?I
FZJ + MPI - Munich

FLAIR =~ LEAR
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Possible set-up (at AD) | v

T T I |
|
— | /_F T - - .
antiproton trap P | leresvo |
v =
DC extraction T ~Kev pumping —— | i
;

re-accelaration
to 20 - 100 keV (25 keV ?)

¢ =
gas cell (window) + fast CCD
|
i
ASACUSA status report 2002, valve '
CERN SPSC 2003-010 !
= |
|
soleneoid \ vacuurn 1 :
% feedlhrough | )I
‘ ‘\‘-k, b 7"4.74/"
i
SO
Possible set-up |l o

antiproton trap + gas jet + fast CCDs

"eat up" antiprotons
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PNCCD raw data PSI 2006

broadening I',, ‘ ‘u from intensity balance XL / Ke

2500

2000

1500

1000

500

T

m*He La. 1991 eV
mHe Lo 1968 eV

s

mHe Ko, 10773 eV

A m3He Ko 10645 eV S

iy m*He LB 2688 eV ‘ g

N o

wHe LB 2656 eV S
! 2

i (o]

| higher L | z

ik ! “ 4 ‘ =

i | i u'He Koo 8224 eV s 1 8
Y. u3He Ko 8149 eV 5745 e\!/S *He KB & -

TR \ u3He KB ! 5764 V. d

T n, 9656ev ~ mHeKp
Ll » \ 12617 eV
- PP el i1 | 1
A 'F‘H""w‘aﬁ.?@g«fﬁf b s N \“\ higher K
Ay h!"“,‘r',“'.'fiiiﬂ Wt \ l\':r,m T e
; g T i S.,_-;"' 'w'.' 4 pl ;l
1 | 1 1 |
400 600 800 1000 1200
direct measurement: - shift g 1

- broadening I'y

n*He
m3He

accuracy - ~1leV

crystal spectrometer
if sub eV
precisision is needed

answer by theory
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BRAGG CRYSTAL
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again

AE =290 £9 meV

LEAR PS207: D.Gotta et al., NP A 660 (1999) 283

PROTONIUM

2p - state

e o sz
spin averaged
from int. balance

I:Zp ond ["3p.

£,
/meV

g
4001 a pH(3-2)
Y
300 o quartz 100
== 22 mbar
200 OED
+had. WW (DR1)
100
0= b '|l| ] ] et
1736 1737 1738
energy/eV
€/ meV I'I meVv
spin average +15 x20 38.0 £2.8
3P, +139 £38 120 25

Si K

Si K

120

80

40
QED [a]
QED [b] —\

QD [c] —\ ¢ E

-40

EXPERIMENT THEQRY
oy S5 DPS SHP KW M KP
Ei:} : DRI GW K
oo a oo -
=4 g 5 o
G4 5 k] s
. PBE 37 2
758 £5¢ 2 & £
L 4
*2
—ti
L e ) 5 7 2 Tem——. o]
L T T a7~ T
o1
&
4
<
‘. |2 |
= s r #_L_ B
| o

»hew theory
CHPT based

L.Y-Dai,

J. Haidenbauer,

U.G. Meissner,

PRD 91 (2015),

JHEP 1707 (2017) 078 ,

o (%P, 'P)

wo (30R,R) =
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fluorescence X-rays

excited by means of X-ray tubes

BRAGG CRYSTAL

exotic-atom X-rays
from hydrogen-like systems

ECRIS

Electron Cyclotron Resonance lon
“Source”

cyclotron trap + hexapole magnet

n n 3000 %
. 300 “— 2z, / \
i Si Ko T l 5 3He(5-4) g 14+ ;
2000 quartz: 100 . ' quartz 100 20001 23S, 5 115, ;
i [ M1 transition %
T rocking curve | | AE = 286+ 7 meV 26 mbar : S 13+§
1000 —_— - O —— - i
100 . 5 - o
% N . v
0 — el O — 0 b BT J\‘L(Ui” 7N'\IL"II| o i i e p—
1739 1740 1741 1686 1687 1688 2426 2428 2430 2432 2434 2436 2438
energy/eV energy/eV energy/eV
problem problem solution: M1 transitions
large natural line width rate in He -like S < 7H(2p-1s)

and
satellite lines

Cl & mH(3p-1s)
Ar & mH(4p-1s)

D.F.Anagnostopoulos et al.,
Nucl. Instr. Meth. B 205 (2003) 9;
Nucl. Instr. Meth. A 545 (2005) 217
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2p HYPERFINE SPLITTING - bound state QED

any splitting observable ?

":) % 1w *ip
20 e
¥p
¥
ABypy ABgp Enag AByp, ABgip  Ehed o
energy/eV
old new

LEAR PS207: D. Gotta et al., Nucl. Phys. A 660 (1999) 283

S. Boucard and P. Indelicato, to be published
Veitia, Pachucki, Phys. Rev A 69 (2004) 042501

Iy =13-T})

discussion see D. Gotta, Prog.Part.Nucl.Phys. 52 (2004) 133

reasonable from larger overlap

T o [ I Upag|¥ne|* v
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SPECTROMETER RESPONSE new approach (PSI) ECRIT

ECRIT = Electron Cyclotron Resonance lon Trap

Superconducting coils

. cyclotron trap

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

. open structure

large mirror ratio = 4.3
I 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

L _Jo]
= I | —
%/ﬂ | s
= N ST e
r=0]|  cleaning HF 7
magnet T
6.4 GHz, 450 W 7

T ..<5eV "cold" plasma!

ion —

He-like electronic atoms

= narrow X-ray transitions

Ir; = 10-40 meV
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CRYSTAL SPECTROMETER

()

and PSIECRIT

Electron Cyclotron Resonance lon Trap

cyclotron trap (4) + Flexapole magnet (2)

aperture

e o "
L i
.

()

cleaning
magnet

——
T
HF g

77
e

e i ]
i
i

4
L
%

7
[
7

6.4 GHz, 450 W

,burning®argon
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CHLORINE SKY LINE

C| 15+

Intensity

A M1

Sl sl i =
Resatral B alcha CHI Ci 0 CH11 cH12 o3 M1 CiHiE CH 2P1 TS EﬂEIl'g]."

0

RESPONSE FUNCTION
2757 ev
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Asymmetric cut crystals

diffracting planes # crystal surface

phase space asymmetry factor

o, -Vb=wy-/b

_sin(@g —a)
~sin(@g +a)

resolution o, = Vb - o,

rate R, =1b: R,

(O angular width accepted
in the symmetric Bragg case

SC =R sin(@; —a)
CD =R, sin(@; +a)

Focusing conditions
Guinier 1946

,,dis}a{dvant;qe“

source.
closeto crystal
or

large

example ®p = 53°
a =37°

\b =0.53

advantage
no defocusing for @z+a ~90°
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ATOMIC CASCADE IN HYDROGEN



PIONIC OR ANTIPROTONIC HYDROGEN

200 pm

size and time scales for pions P > 7n’+n/y +n

pp — 5.5 win average
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MUONIC HYDROGEN

Eg(n=1) = 2.6 keV
rg(n=1) = 280 fm

Up = evv +p
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COULOMB DE-EXCITATION

(rp), + H=H — (xp),. +H+H + kinetic energy

(mp)ys = 7N
T

moving neutron source

MUONIC HYDROGEN n
1 uH(3p-1s) Si 111
(P = (T P)s t ¥ H, 1bar/22K
0 20 (12,5 bar)
Hoving Xorav source new cascade theory (ESCM) &
’ / Markushin, Jensen S H W crystal response
: 1001 ECRIT 2004
new cross sections
Popov, Pomerantsev 9
" mw o me | wm oe

energy (eV)

- model free determination of Coulomb Doppler contributions
D. Covita, PhD thesis Coimbra (2008)

statistical 1:3 _
D. Covitaet al.,
Phys. Rev. Lett.. 102 (2009) 023401

results

- 1S,/ 3S, population =1: (2.94 + 0.24)

- AE s =194 +£12 meV QED 183 meV
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ANTIPROTONIC HYDROGEN - series limit

high np states populated in contrast to uH, zH

Balmer series

4000

2000

f“ pH 30mbar
Si (Li)-1

from high (n,I=1) states

T T T T T T T

2 4 6 8 10 12 14 E/keV

Coulomb de-excitation

state dependent !

2
2N
max BJ %E/Ew-nf )

Nmax @40 for AE = 300 meV

Nmax - resolvable state
ng : final state
AE : energy resolution

Eoo—nf : transition energy from series limit
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OUTLOOK
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pp 1So /S,

pd ground state
pp, pd p-states
PA(N,2)

bound-state QED

capture and cascade

AD ?

T

initial steps

+ FLAIR

T

crystal spectrometer
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antiproton ,,beams*

AD MUSASHI antiproton trap — DC extraction — gas cell
direct measurements
FLAIR high intensity DC beams

direct measurements + crystal spectrometer

future option traps and gas jets
X-ray detector direct measurement fast pnCCDS

— pixel size 75 pm
MOS CCDs 3 frames / minute — 600 frames / s

crystal spectrometer

2 —3 keV ultimate resolution AE = 300* - 200 (100) meV
asymmetric cut crystals

10 keV ,bad“resolution 300* » ,,1eV"“

*  PSIECRIT
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CRYSTAL SPECTROMETER JjoHANN seET-UP

ent Bragg crystal

spherically b

axis of dispersion

position-sensitive detector
Charge-Coupled Device (CCD)

count rate » beam x  stop x line yield x spectrometer
efficiency efficiency
& ca. % x ca. % x 108-10°
& 1-100/hour

300 keV beam

replace
cyclotron trap

by
.. gas cell
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fast CCD

crystal spectrometer
asymmetrically cut Bragg crystals

yield

PH 1S,/3S, Ka 1%
pD Ke 0.1%

PH 2pHFS La 50%

pP3*He 2p La 25%**

*  PS207
**  50% 3d annihilation

AE

300* —» 150 eV

300* —» 150 meV

counts

200 000
20 000

20 000

20 000
5000

Estopped
2-1010
2-1010

4.1010

2-108
1-10%0

AQ x g
103
106

CCD
CCD

cry spec

1. step CCD

2.step cry spec
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SUMMARY
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PIONIC HYDROGEN STORY

i; 8,0

)

shift, width / eV

HYDROGEN

almost 40 years

7,0

6,0

5,C

4,C

3,C

X-rays identified

2,0

1,0

0,0
1970

1980

1990

year

2000

2010

DEUTERIUM

i; 15

-0,5

-1,5

2006
t

-2,5

shift, width / eV

-3,5

-4,5

J

-5,5

-6,5
1970

1980

1990

year

2000 2010
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ANTIPROTONIC HYDROGEN

1
shift, width/ev ] M

STORY s.wave

HYDROGEN HFS DEUTERIUM
no unbiased analysis
2000 2000
. -€
So T
1500 l 1500
>
(<))
=
1000 * g 1000
‘* " :=3
1 <
801 381 n
500 * 500
LEAR LEAR
0 T T T O T T T
1970 1980 1990 2000 2010 1970 1980 1990 2000
year year

2010

still alot to do !
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THANK YOU
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