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PIONIC HYDROGEN collaboration

PSI experiments R-98.01 & R.06.03

X-ray spectroscopy of exotic atoms

pionic and muonic hydrogen
pionic deuterium

goal - strong -interaction effectsto =1%
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P|ON-NUCLEON SCATTER”\'G LENGTHS related quantities

Coa (s

O ar

induced pseudovector coupling

muon capture

Gp

|

2
fITN ‘AGT

pion-nucleon sigma term

explicit chiral symmetry breaking

THEORETICAL FRAME WORK

CHIRAL PERTURBATION THEORY

7N coupling constant

Goldberger-Treiman discrepancy
pion-nucleon scattering

Eo.

electric dipole amplitude

threshold pion photo production
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PIONIC HYDROGEN

- TN scattering at ,rest”

which scattering length where?

>
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Eqg = 2.5 keV I,//

/

81s
1 IER

~, S N,
s s

M’ ™ &N

N, S ; S

e, 7N P

capture @ a few eV kinetic energy

2 . n—1

¥ e

i
2 /7_// few % X-radiation

strong interaction observable as
shift € and broadening /=

+ 7 eV attractive
1leV

s A, Ja®+a + ..
T[H/-1sﬂ(a-lr—p-»nﬁn)2 U(a_)2+---
ubleg, mey, B 2R

a* = isospin even/odd scattering length

X
’%\O
P

isospin breaking corrections "

few-body effects etc, -
under control !!!

isospin 1 0O1/2 = 1/2 O 3/2

different

il b /.. [la_,

- nn+nn y
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constraints for a * from TH

™ g, 0Of(a*,a",LEC(cy, f,f,))
TIH /-13 [ {f(a_1LEC(Cl1f2))]2
0,02
0,01
Weinberg
Tomozawa
0,00 A ([ J
1 qualitatively
-0,01
0,075

0,095
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constraints for a * from ™H and ™D

TIH 818 D f(a+1 a-, LEC(Cl1 f11 f2))

. O[f(a, LEC(cy, f,))]2

0,02

0,01 -

ar | Weinberg must cross !
1 Tomozawa — : : :
0,00 - ° if isospin-breaking included
1 qualitatively
-0,01
0,075 0,095
a-
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/ CEX scattering N A|» -
|t

TH scattering /TP - 7°n+ny

radiative capture N A|. -

-1Y

BR are well known from experiment

D absorpton 777d - nn +nny

NN < NNT1T \ ,true* absorption T[,|~ -|
N

s-wave pion production/absorption g
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EXPERIMENT

« How to produce a suitable X-ray source ?

 What about background ?

e Resolution _of the crystal spectrometer ?
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Johann-type SET-UP

ultimate enerqgy resolution

digtizotTon

background
suppression!
position resolution!

position-sensitive detector
Charge-Coupled Device (CCD)

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

L. Simons, Physica Scripta 90 (1988), Hyperfine Int. 81 (1993) 253
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A B e h ‘i' S
§ BRAGG CRYSTA
j2 2w =

spherically curved

R=3m
@® =10cm

CLOTRON TRAP

one coil removed

Tt =26NS

= ]
|_image area &

<«

pixel size

40 um X4OM
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\l\T
1 pion makes 5 neutrons

Tyricat SET-UP at PSI

pionic hydrogen

without

200 concrete

100

oo e vl ea gl

0 50 100 150

peak/background x 10
with
concrete

T T T
200 300 400
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CRYSTAL RESOLUTION

dynamical theory XOP2 code exotic atom - pionic carbon
of diffraction plane crystal
Sanchez, del Rio, 1995
Peak 07 T
reflectivity o6l R_o'cAk!n‘g eunve i 200 T C(5—4)
05 silicon 111 . quartz 10-1
L 387 meV 2.8 keV | o 300] 1.5 bar CH,
T IR i g 200 I=
= < 295
02+ h QI? % K
1001 S s
0.1 — N)&) t\L)
| 1 L ‘—Il: 4_«1
Zo0o -500 0 500 1 0052 T 2974 2978 ¢ 2a7s T 280

energy/eV

closest to energy
of [TH(4p-1s)

microrad

for real crystal mounting?
- 3500 events in 70 h - needed 10 x more

measurement indispensible!

no narrow_few keV ylines available accuracy limited by rate !
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ECRIT = Electron Cyclotron Resonance lon Trap

"misuse” ion source as X-ray source

Superconducting coils

. cyclotron trap

permanent hexapole

. AECR-U type

. 1 Tesla at the hexapole wall
. open structure

large mirror ratio = 4.3
Bmax / Bmin !

S. Biri, L. Simons, D. Hitz et al., Rev. Sci. Inst r., 71 (2000) 1116
K. Stiebing, Frankfurt — design assistance
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ERYSIAL SPEETRONIETER

Electron Cyclotron Resonance lon Trap

Bragg crystal

and RSIEERI

cyclotron trap (4) + h;xapole magnet (2)

aperture

™ %ﬂ — L %, Y
&) fﬁw’j ® E _ 2
cleaning HF 7
magnet 7777 ~ /,%//,;//

6.4 GHz, 450 W

7050

D. Hitz et al., Rev. Sci. Instr., 71 (2000) 1116

~ourning“ argon
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counts

SEECIIRENIEERIRES BONSEE it s 1y man ENEREG] =S

M1 transitions inHe-like S =  TH(2p-1s)
Cl =  mH(3p-1s)
Ar = TH(4p-1s)

3000 -
E IP1
: i
144
> B (1s2p) 3,
2000 3
23S, - 11s, : w/ 3P1
M1 transition ks 13+ \ P
- E S
1 =
. 33 £
1000 Sio111 ia =
E: Rk
= i g B 180— —
L gz £ =
5 —-j ; i
 Jepee o

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

30000 events in line (3h) = 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 20 5 (2003) 9
D.F.Anagnostopoulos et al., Nucl. Instr. Meth. A 54 5 (2005) 217
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OBSTACLES

. Molecular formation

 Coulomb de-exciatation
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mH - ATOMIC CASCADE |

n
=0 1 2 capture n—1
S I o Sy g g g A i e -
o N density dependent
Ay — l: L /7 /o
x"\ /7‘ _ _.%7.__/5_///%//
4 o /// ///7& b e
/////7’%//
3 I
.
¥/
I //
2 // molecular formation
”/ mwp,+H, - [(TT pp)njv [p] ee,, decay by Auger process
Exg =25 keV/I// / X-rays from molecular states ?
I
/ >>> additional energy shift ? <<<
E7
1
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MOLECULAR POTENTIALS

known to exist from  muon-catalysed fusion, pH

TP, + H2 - [(T[pp) njvm] €€ kv

decay usually by Auger process UH experiment
X-ray transitions from molecular states ? quenching of - pp,, via [(upp)plee formation
rate ~ collision probability (density) ! R. Pohl et al., Hyp. Int. 138 (2001) 35
-0,02 -
consequences for 1H (np - 1s) transitions
-0,03
= -0.04 P
3 E, - E,-AE
N=3 E‘B -0,05
£ .0,06 ( ) bound states below
0,07 dissociation limit of ?
-0,08 ¢ Jonsell, Froelich and Wallenius for n=1,2,3
Phys. Rev A 59 (1999) 3440
¢ calculation ppu ddp
-0,1
.02 /-X-ray / /-total =0.03 =1

N=1.2 . .
Lindroth, Wallenius and Jonsell

Phys. Rev A 68 (2003) 032502
Kilic, Karr and Hilico
Phys. Rev. A70 (2004) 042506

energy (a.u.)
e o
W

1
=
W

e g
[=}
o T 1~ [ [T T T

5 10 15 20 25 30
internuclear distance R (a.u.)
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intensity

counts

o

o

TH(3p-1s) energy density dependence - measurement

energy calibration | TH / TIO mixture

wO(6h - 5g)
(98%/2%)
strong interaction 1.2 bar @ T = 85K

i wH(3p - 1s)
wH(3p - 1s) _

without

energy calibration

strong interaction
I simultanuousl|
) Witk y
uu,Hvrva e _,_.Lud,‘h‘,m.; T //7_///
2876 ) rmorgy / avmz // / ” 74
: 1=
/
///// / O
(T — 1 ) / /
T H(3p—1s) // mixture “He /10, /180,
quartz 10-1 / (=80%/10%/10%)
2 bar T=20K H, 2 ,;

(28 bar)

2bar@ T =86K

energy calibration/measurement

“a8s2 | o884 | 288 2888 | 2890 alternatlng
energy/eV
& ; ]
r TH(3p—1s) 1 11—8‘ attractive 1001 m0
/HL quartz 10-1 Is 80: quartz 10-1 = =
| 1 < L
f ‘ LH, £l SINE
| { s s © T T
1 1
A i
S £
| | & &
LAy HH%M \H sl 41 st e ritl] s,
2882 2884 2886 2888 2890 2865 2870 2875 2880 2885
emergy/e\/ energy/eV
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7H(3p-1s) energy density dependence - result

no density dependence identified

= “no” X-ray transitions from molecular states

7,20

e/eVv
ﬂ
=
o

piH shift

by

10

100

density equivalent / bar

1000

R-98.01
Maik Hennebach, thesis Cologne 2003
€,.,=+7.120 #0.008 #0.009 eV
!

4E e =+0.006 eV !

new calculation 7H = AE,,=+0.001 eV '

P. Indelicato, priv. comm.

there is another final QED value since 2010!

Myet used here

g, = +7.120 #0.008 #0.006 eV (#0.2%)

T
preliminary
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energy calibration

strong interaction

4 - ’/ £
,// v

///

i

¥/

repulsive

counts

counts

25004

20001

1500

1000

500+

600

400

200 4

PIONIC DEUTERIUM

Si (333)

9180

9270

mD(3p-1s) i St (111)
1.1 bar 27K |
(10 bar)
.same”
Bragg angle

3060

5080
energy/eV

3070

T.Strauch, PhD thesis 2009 Univ. Cologne
T. Strauch et al., to be published

target material: GaAs
by chance: tabulated energy
also from GaAs

— no chemical shift

3 bar
10 bar

} no molecule formation seen
22 bar

€, =-2.356 #0.031 (+1.3%)

uncertainties
- 27 meV
-10 meV
- 8 meV
- 5 meV
- 2 meV

GaKa,
statistics
pion mass
systematics
QED
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mH - ATOMIC CASCADE |l

n
=0 1 9 .capture 0=l
1B e N e N e 0 S e .
T e e — density dependent
e b 72
ol L
N ///7_// Coulomb de-excitation
™ _._.//lﬁ_/./é_////% .
¢ '/////7_”//5/% mwp, +H=H - 1p, +H+H + kinetic energy
T //5/ y/// >>> Doppler broadening ! <<<
3 ////7L
7Ty
V/
I //
, I T
& &
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COULOMB DE-EXCITATION

(rp),s » TN

1

moving neutron source

analogue
(Mt p)y, = (TUP)ys+ Xeray
7

moving X-ray source

non-radiative transitions

guasi-discrete velocity profile

Doppler broadening

NEUTRON

(mp), + H=H - (1rp), +H+ H + kinetic energy

T T

I!IITTT11i|

T T [ T TrT

llril!]’TTTr]lYIl!rTlllri

| 200 ¢

L I o

1T

T

65 6—>5 1

g |
400 — ¢ l
_100r
L O prpesemie T 5{ ---------
-20 -15 -10 -
200 is
- 32 —1’
j l
0 |1LJ‘1L:-—I'I.I'I‘IJATLLLTL:JIKTII!I[l]illl!il[‘, Shi WA A
.30 25 20 -15 -10 -5 0 s 10 IS5
n—TOF/ns
03 LH2 — 0.35 H2 40 bar_i
0.3 1 o030 m*ImI N_
= R G| 2 1177 .
TE 0.2 ‘L tl’ w© l 0 '1) : 0.25 \ \ .
=02 \ \ 3 o020
N I e
N“ pl
0.1 1 0.10
0.0 1 005
0 SR 0 5 :
0 1 4 9 16 25 36 49 64 B1 100 121 144 169 196 225 256

Trp[eV]

Tnp[ev]

A. Badertscher et al., Eur. Phys. Lett. 54 (2001) 313

= I0E
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S

4 3
Ve s
T i g

RYTEA
4 Ve ”/7—/”/
"

‘]
Tl

counis

counes

Sio111
Og=54"15

L’M%WMWW

TH(2p—1s)

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

o

200+

150+

b=
(=]

50

T 2432 | 2434 | 2436 | 2438 | 2440 | 2442
Si 111 mH(3p-1s)
©p=43"15" Si 111

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

not corrected

Coulomb de-excitation

crystal resolution
from 7C /ECRIT
subtracted

2952 | 284 " 288 | 288 | 280 | 2892
Si 111 TTH(4p—15s)
®p=40°32 3043 eV

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

width / meV

1400

1200

1000

800

TiH total line width

v

equivalent density / bar

A2-1
¢ 3-1
m4-1
- 3-1 ETHZ-PSI

T i l i ) i T T T T T T T I. : L T T
3038 | 3040 = 3042 | 3044 = 3046 = 3048
energy/eV
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ECRIT
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MUONIC HYDROGEN

Si 111

H, 1bar/25K
(12.5 bar)

no satellites from
molecular formation
identified

energy (eV)

low-Tkin: 61+2 %
medium-Tkin 25+ 3 %
high-Tkin 144 %

triplet / singlet=3.0 +0.3

AE= 183 meV (theory)

thesis: D. Civita, (Coimbra)

D.S. Covita et al., Phys. Rev. Lett. 102 (2009) 023 401

ESCM: extended standard cascade calculation and cro

—— ESCM  "new” cross sections

= Db w--- ESCM "old” cross sections i
o 04 ~ 155% ' I
:E AR VS. (1 )3p

0.3 1 S~ 0 i
& 35%
P
= 0.2 I
el
o
et
S 0.1 i
a

40 60 BD 100 120

kinetic energy (eV)

box fits = model free fit

recalculation of cross sections

ss sections

0.05

0.04

0.03

0.02

0.01

T.S.Jensen and V.E.Markushin, Eur. Phys. J. D 19,16 5 (2002); ibid.D 21,261 (2002); ibid.D 21,271 (200 2)
cross sections

G.Ya. Koreman, V.N. Pomerantsev and V.P. Popov, JET P. Lett. 81, 543 (2005)
V.N. Pomerantsev and V.P. Popov, Phys. Rev 130, 341

(2006)

V.P. Popov and V.N. Pomerantsev, arXiv:0712.3111v1[ nucl-th] (2007)
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80

60

counts

20

Sio111

©5=54"15"

i

f

BOX EIIS

200

150+

counts

50

counts

" 2432 2434

2436

100+

Sio111
@p=43"15"

eyt
" 2882 | 2884

T T
23886

Si 111
©p=40°32’

j TH(2p—1s) ) ]
Inconsistent
ﬂ 1.2 bar T=30K H, r:r(np)
Mg (10 bar)
i ) 0.55 4
D“ M g
Hy ESCM prediction
MM%M‘ i, 0.45 - P (7TH)3
2438 2440 | 2442 T I P
> 1
mH(3p-1s) Eo.oos- | (10 bar)
Si 111 g
o
1.2 bar T=30K H, | 2~ 4-3
(10 bar) % 0.002 I
3 £
~ 001 1
" 2888 I_‘ 0+
0
7T H(4p-1s)
3043 eV
target pressure
R upper limit from 4p-1s
-+
[, =800 + 40 meV (5%)

3058 3040

T T
3042

" 3044 ' 3046 | 3048
energy/eV

Coulomb transition

low-energy
5-4
6-4
4-3
3-2

low-energy
5-4
6-4
4-3
5-3

low-energy
6-5
5-4
6-4

#50%

#50%
?

limit without cascade theory

so far weighted average R-98.01

[, =823+ =19 meV (=2.3%)
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D [,

350
8001 71D(3p—1s
(3p=ts) ﬁ St (111)
(10+17.5 bar) o
250 f.}; ®B=40.
S 150- fit e —>H1 f ! -
response -——- 11 l“
o M LR
\ Mllilrﬂ - |I|||l,‘|,I |
o divnbal Y N Pttt
700 750 80 850 900 950
x/channels
3070 3075 3080
energy/eV

probability density /eV ™"

0.55 4
0.45:" (T|-H)3p
0.003 | (10 bar)
4-3
0.002 4 ‘
0.001-
6-5 54 g4 ) 6-3
o 8 e w IANER '
Tkln /eV
5 K ' ' ' ' 15
Vo / cm/ps
5 10 1"
Vab / em/us

High-energy components ?

<10%
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SUMMARY
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TN scattering lengths a *and a

A exp>>Atheory -no f |

=1

level shift of =

L

|

&t /1073M

width of mH

>level shift of Il

92 90 88 86 84 82
—a= / 107301

FIG. 2: Combined constraints in the @™ —a~ plane from data on the
width and energy shift of = H . as well as the w/1) energy shift.

A exp <<Atheory - LECf ;

A exp << Atheory - LECf,

experimental input

TiH els’ rls
D €

=

cPT: V. Baru, C. Hanhart, M. Hoferichter, B. Kubis, = A. Nogga, and D. R. Phillips, to be published

data: R-98.01 (preliminary) and R-06.03 (final)
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NN = TNN threshold parameter a

charge symmetry detailed balance
Od - nn < O nd - pp < o pp - 7°d
NN 35,01 =0) - 3p(1 =2)
D Tt production experiments
Hazp U rﬂ_d—>nn+rﬂ_d_>nnyDa Opp » 7'd aCDZ n+ ’73

' extrapolation n = kl‘l /mn

directfrom G to threshold

exotic-atom results

300
el - v
oAl XPT NLO XPT
D v A"
Th_StraUCh' 0\ ym R atpresent
PhD thesis, Cologne 2009 e XPT LO Aa/a = 30%
< v
Th. Strauch et al., = f 0
Phys.Rev.Lett.104 (2010)142503 wl - few %
@ PS| 2006
A previous atom dala V. Lensky et al.,
o production data Eur. Phys. J. A 27 (2006) 37
¥ theory
0
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Dalitzplot

= experiment pn coincidences

I ml e ol

me e . pnRn PSI R-73.07

[ ]
——e o—b

QFA quasi free reaction

— o= _ _ nn transitions
FSI final state interaction

pn + nn coincidences combined .
. 0% 3S1(1=0) » °Py(1=1)

? | HI.":: Ay D par - 01 4 SO(I - 1) - PO(I = 1)
= | [ - 18 L. - s L . \.\ ./‘
3 “_/’.-3_:;",—:-'_ g ,/" _
. . 3 '-""'\-\.,\_ i O _
/| pncoincidences  tmims R dpmiann \go /gl\ =248+0.24
wFt= o Bl = ___-'-\-\_\_\.\ woale
=3 e
e .I --‘- T I
QFA( S5 N N, I
; T M s, g SO Falined < J
- .'_ -
E : ; | r:.:l.-.;"._-»IM gO
U? e e - | l
. oy I:'J ] b
J . FSI(nn) S
| (= |
| "l Tl e i D.Gotta et al., Phys. Lett. 112B (1982) 129
ek Lr i e oAb i * D. Gotta et al., Phys. Rev. C 51 (1995) 469 XPT?!
. . E. Daum et al., Nucl. Phys. A 539 (1995) 553

Folie 34



PERSPECTIVES

NEW QUESTIONS

Folie 35



s |INIFERACTH @ N ADBITI@NATACCES SHIOat =

einberg must cross !
1 Tomozawa — _ _ )
0,00 1 ® If isospin-breaking included
gualitatively
-0,01
0,075 0,095
a_
comparison 1=1/2 nuclei SHe /T
Theory C.Werntz and H. S.Valk, Phys. Rev. C 37, 724 (1988). G(pT) predicted from radiative capture  pTOOnnn
Baru, Haidenbauer, Hanhart, Niskanen, Eur. Phys. J. A 16 (2003) 437, T/3He comparison:
.. more coming
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X-ray satellites from
molecular formation

high-energy components

300
| HH(3p-1) j Si 111

| H, 1bar/25K
(12.5 bar)

248 2249 2950 2951
energy (eV)

mD(3p-1)

0.003 - (10 bar)

probability density /eV ™!

does cascade theory improve for

M asforuH - ifyes: A - A /2

Cross sections
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FIEOINIE [ DIROIGIEN S1HOIROY

1 M

shift, width / eV

8,0

HYDROGEN

almost 40 years

7,0 -

6,0 -

5,0 -

4,0

3,0

X-rays identified

2,0 -

1,0

0,0
1970

1980 1990

year

2000

2010

1 M

-0,5

-15

-2,5

shift, width / eV

-3,5

-45

-5,5

-6,5

15

DEUTERIUM

0,5

2006
L 2 -

1970

1980

1990

year

2000 2010
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THANK YOU
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Cascade theory
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— Diploma and PhD thesis
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