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The proton radius puzzle

Exercise: connect with gures

SERGIO LEONE

- Muonic hydrogen

f)% - Hydrogen

- Scattering

Who Is the bad?

The difference between a good Im and a bad
I -_; i Im is that in the bad Im you immediately see
-. L ‘ ‘ ‘ who is the good guy and who is the bad guy.

But the interesting movies are the ones where
all the characters have qualities and shadows
and only together they can develop!
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Hydrogen energy levels and
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Hydrogen energy levels and
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Hydrogen energy levels and

I
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Potential
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Finite size effect (in leading order)
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S
Aim of the p Lamb shift experiment

NS
O RrEFN

Measure the 2S5 2P energy difference (Lamb shift) in p
E(2S 2P) =209:978(5) 5:226r§ + 0:0347rg’ meV

with 30 ppm precision. 206 meV
50 THz

6 M

Extract r, with u, 10 3 (rel. accuracy)

I bound-state QED test in hydrogen
toalevelofu, 3 10 7 (10 better)

I improve Rydberg constant (R; = mc 2=2h)
toalevelofu, 1 10 2 (6 better)

fin. size:
| _ 3.8 meV
I benchmark for lattice QCD calculations 25,
i

I confront with electron scattering results
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S
Aim of the p Lamb shift experiment

2P, 8.4 me&/z%
Measure the 2S5 2P energy difference (Lamb shift) in p 2, Ezcl)
E(2S 2P)=209:978(5) 5:226r2+0:0347r3 meV
with 30 ppm precision. 206 meV
50 THz
6 Mm
Extract r, with u, 10 3 (rel. accuracy)
I bound-state QED test in hydrogen
toalevelofu, 3 10 7 (10 better)
I improve Rydberg constant (R; = mc 2=2h)
toalevelofu, 1 10 2 (6 Dbetter) =19 GHz
fin. size: =1 GHz
| benchmark for lattice QCD calculati AT A
I benchmark for lattice QCD calculations 7P A, A

I confront with electron scattering results
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Principle of the experiment

are produced with the PSI accelerator (p! ! )

stop in a 1 mbar hydrogen target whereby muonic hydrogen is formed
Before stopping, the  trigger the laser system
The laser pulse excites the 2S5 2P transition
2 keV X-ray are detected as a signature of the laser-induced transition

p formation P spectroscopy
n~14— — . 2P
1%/ [99 % , ass
2P
2 2keV g 2keV g
1S— 1
1%: long-lived p(2S) Laser at 6 m
with 1 s lifetime (@ 1 mbar) Signature: 2 keV X-ray
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Principle of the experimen
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Low energy muon beam line at PSI
Laser system

Detectors and DAQ




The experimn
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5 keV energy muon beam line

A
- = HV

—HVIB=2T \ j/ Thin foil
E
J B=4T
wl
S

CT

w

o
|

Production of 20-50 keV

-10®  injected in CT

- decay in MeV

- decel. to 20-50 keV
by crossing the foil

Extraction of from CT

T (0)

B max qVv
O 1

Bo T~ (0)

Momentum selection

- toroidal magnetic eld
I vertical drift

- eliminate e and n bg

detection
p formation and laser exp.
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Inside the 5 Tesla solenoid

5keV ,400s ! withstopvol.in1hPaH, gasof5 15 190mm?

Stacks of C foils are used as non-destructive muon detector
- loses few keV energy per foll

- secondary electrons are emitted
- ExB velocity dependent drift

Laser is triggered by the electrons signals from the C stacks (coincidence with TOF)
enter in 1 hPa hydrogen wherby p is formed

PM, D H, Target
— e
m > S 2 Multipass cavity
S1 < PM
PM; 4 € R et °
ExB R S 7
10 cm '

|
Laser pulse
ETH A. Antognini, SLAC, Stanford  02.11.2010 — p.12




_ _ | X B=aT
P Z
10° &8 —> — < [B=2T py=_19kv
0=100 MeVic - 200 nm ol
Z B=4T for muon extraction
B=5T
X X Muon detector
5 &
5 Frictional cooling

ExB: velocity filter

Momentum filter

(T.W. Hansch)




e
The laser system

T N A~ At L N _— Main components:

cw TiSa laser

- w=p [Oscillator| [Oscillator| €= - |

1200w | 1030 nm| [1030 nm| 200w | | Wave Verdi |

9 i ¢ ¢ 9 mJ . meter I 5w Thin-disk laser
- Amplifier| | Amplifier - o cw TiSa || Frequency doubling
1500 W Oy K,:p] Eamy |

- amy Ydami 400 mw |

SHG SHG 1, /Cs |

] 1SHG ? A e —— S —— - | TiSa laser:

cw frequency stabilized laser

injected seeded oscillator

. rsaon_ pass ampli
S g | multipass ampli er

TiSa Amp. ~ 708 nm, 15 mJ
>

Raman cell

Target cavity
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7F CODATA-06 1 i X our value

delayed / prompt events [10 ]
(6]

IN
|IIII|IIII|IIII|IIII
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laser frequency [THz]



delayed / prompt events [10 ]

CODATA-06

H—

e-p scattering

' i

49.9 49.95

laser frequency [THz]

Fitted position:

700 MHz unc.
!

'p

Fitted width
as predicted




he resonance: discrepancy, sys., stat.

delayed / prompt events [10 ]

CODATA-06

_—

H—

e-p scattering

' i

our value

49.9

49.95
laser frequency [THz]

Fitted position:

700 MHz unc.
!

'p

Fitted width
as predicted

| Laser frequency known with 300 MHz uncertainty I




The resonance: discrepancy, sys., stat.

delayed / prompt events [10 ]

CODATA-06

—_——

H—

e-p scattering

¥

our value

Systematics: 300 MHz
Statistics: 700 MHz

49.9

49.95
laser frequency [THz]

Fitted position:

700 MHz unc.
!

'p

Fitted width
as predicted

| Laser frequency known with 300 MHz uncertainty I




The resonance: discrepancy, sys., stat.

Discrepancy:
50 $ 75GHz $ =

=1:5

10 3

\‘

| —————

CODATA-06 ¥ [

e-p scattering

delayed / prompt events [10 ]
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our value

Fitted position:

700 MHz unc.
!

'p

Fitted width
as predicted

2
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Systematics: 300 MHz
Statistics: 700 MHz

49.9 49.95
laser frequency [THz]

| Laser frequency known with 300 MHz uncertainty I
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and the time spectrum

events in 25 ns
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| Time-spectrum t around laser time ) Extract precise bgr. value I

A. Antognini, SLAC, Stanford
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(2sit

2PF=2) = 49881:88(76) GHz




S
Transition frequency, statistics and systematic

(2SF=L  2PF=2) = 49881:88(76) GHz

Statistics
Centroid position uncertainty (  4%of )) 700 MHz

Systematics o ‘ Systematics  1=m I
Laser frequency (H,0 calibration) 300 MHz

AC and DC stark shift <1 MHz

Zeeman shift ( 5 Telsa) < 30 MHz —

Doppler shift < 1 MHz [M
Collisional shift <2 MHz

Total uncertainty of the line determination 760 MHz
Discrepancy with prediction 75 GHz
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Transition frequency, statistics and systematic

(2SF=t  2PF>2) = 49881:88(76) GHz

Statistics
Centroid position uncertainty (  4%of )) 700 MHz

SEEEEE . Systematics 1=m
Laser frequency (H,0 calibration) 300 MHz
AC and DC stark shift <1 MHz
Zeeman shift ( 5 Telsa) < 30 MHz —
Doppler shift < 1 MHz [MI
Collisional shift <2 MHz

Total uncertainty of the line determination 760 MHz
Discrepancy with prediction 75 GHz

on s = 18:0(2:2) GHz is in agrement with ¥, ,¢ =20(1) GHz
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More on pressure and molecular effects

Discrepancy = 75 GHz ,

Pressure shift?
- pressure shift of H(1S-2S) transition in H, gas 10 MHz/mbar

- pis me=m smaller (stronger E- elds). - less disturbed by external e Ids
- smaller state mixing

MC simulations give a pressure shift of 1 MHz for 1 mbar

Spectroscopy on pp or p e instead of on p ?
p(2S)+ Hz! fl(pp )"] peeg ! p(AS)+ ::::  ( p . 1ps)
+ Hy! (p)e+ (Existence and of pe ? Auger rate? Energy shift?)

The lifetime of these molecules are so short that the population is much too small
to be observable. In addition no line broadening has been observed.
No broadening means

- large lifetime
- all molecules in the same energy level.

ETH A. Antognini, SLAC, Stanford 02.11.2010 — p.18



Like in HOLLYWOOD movies:
everything goes bad till ve minutes before THE END
BUT.......







Measurement (no theory input needed): (2S[5' 2P;3%) =49881:88(76) GHz




~roton radius rrom p Lamp sni

Measurement (no theory input needed):

(2St3t

2PF=2) = 49881:88(76) GHz

Interpretation of the measurement needs theory:
- bound-state QED and fundamenal constants
- some properties of the proton structure: form factor (rp, :::?)




e
Proton radius from p Lamb shift

Measurement (no theory input needed): (2S[5' 2P;3%) =49881:88(76) GHz

Interpretation of the measurement needs theory:
- bound-state QED and fundamenal constants
- some properties of the proton structure: form factor (rp, :::?)

One way to represent the comparison between theory and experiment is to determine
the proton radius. This can be compared with determinations from other sectors
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P (2S 2P) theoretical prediction




Contributions to the p Lamb shift

# | Contribution Value unc.

3 | Relativistic one loop VP 205:0282

4 | NR two-loop electron VP 1:5081

5 | Polarization insertion in two Coulomb lines 0:1509

6 | NR three-loop electron VP 0:00529

7 | Polarisation insertion in two and three Coulomb lines (corrected) 0:00223

8 | Three-loop VP (total, uncorrected)

9 | Wichmann-Kroll 0:00103
10 | Light by light electron loop ((Virtual Delbrtick) 0:00135 0 :00135
11 | Radiative photon and electron polarization in the Coulomb line 2 (z )4 0:00500 0 :0010
12 | Electron loop in the radiative photon of order 2 (Z )4 0:00150
13 | Mixed electron and muon loops 0:00007
14 | Hadronic polarization (Z )4 m 0:01077 0 :00038
15 | Hadronic polarization (Z )5 m 0:000047
16 | Hadronic polarization in the radiative photon 2 (Z )*m, 0:000015
17 | Recoil contribution 0:05750
18 | Recaoll nite size 0:01300 0 :001
19 | Recoil correction to VP 0:00410
20 | Radiative corrections of order " (Z )k m 0:66770
21 | Muon Lamb shift 4th order 0:00169
22 | Recoil corrections of order (Z ) M-m, 0:04497
23 | Recoil of order © 0:00030
24 | Radiative recoil corrections of order (Z )" m— m 0:00960
25 | Nuclear structure correction of order (Z )5 (Proton polarizability) 0:015 0:004
26 | Polarization operator induced correction to nuclear polarizability (Z )5 m 0:00019
27 | Radiative photon induced correction to nuclear polarizability (Z )5 m 0:00001

Sum 206:0573 0 :0045
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Contributions to the p Lamb shift

# | Contribution Value unc.
3 | Relativistic one loop VP 205:0282
4 | NR two-loop electron VP 1:5081 é é (}é(}
5 | Polarization insertion in two Coulomb lines 0:1509
6 | NR three-loop electron VP 0:00529
7 | Polarisation insertion in two and three Coulomb lines (corrected) 0:00223
8 | Three-loop VP (total, uncorrected)
9 | Wichmann-Kroll 0:00103
10 | Light by light electron loop ((Virtual Delbrtick) 0:00135 0 :00135
11 | Radiative photon and electron polarization in the Coulomb line 2 (Z )4 0:00500 0 :0010
12 | Electron loop in the radiative photon of order 2 (Z )4 0:00150
13 | Mixed electron and muon loops 0:00007 % ;% %
14 | Hadronic polarization (Z )4 m 0:01077 0 :00038
15 | Hadronic polarization (Z )5 m 0:000047
16 | Hadronic polarization in the radiative photon 2 (Z )*m, 0:000015
17 | Recoil contribution 0:05750
18 | Recaoll nite size 0:01300 0 :001 %}
19 | Recoil correction to VP 0:00410
20 | Radiative corrections of order " (Z )k m 0:66770
21 | Muon Lamb shift 4th order 0:00169 Y
22 | Recoil corrections of order (Z ) M-m, 0:04497 ;i 1%: %j
23 | Recoil of order © 0:00030 —
24 | Radiative recoil corrections of order (Z )" ,UI‘— m 0:00960
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27 | Radiative photon induced correction to nuclear polarizability (Z )5 m 0:00001 % ' §
Sum 206:0573 0 :0045
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Contributions to the p Lamb shift

# | Contribution Value unc.

3 | Relativistic one loop VP 205:0282

4 | NR two-loop electron VP 1:5081

5 | Polarization insertion in two Coulomb lines 0:1509

6 | NR three-loop electron VP 0:00529
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Contributions to the p Lamb shift

# | Contribution Value unc.

3 | Relativistic one loop VP 205:0282
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p Lamb shift prediction

Radius (structure) dependent contributions

Contribution Value [meV] rp =0:84fm
Leading nuclear size contribution 5:19745 < S >
Radiative corrections to nuclear nite size effect 0:0275 <r S >
Nuclear size correction of order (Z )°® <r g > 0:001243 <r ;5 >
Total <r § > contribution 5:22619 <r 3>
0:0347 <r 3>
Nuclear size correction of order (Z )® <r g > 0:000043 <r § >2
Proton polarizability 0:015(4)
—& i{) z —E—é— \}{)
)
—&- —6—o-
E(2S;5'  2P]5°)=209:977949 5:2262r; + meV (HES+FS included)
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Proton radius from p Lamb shift

Comparing theroertical prediction with measurement !  proton radius

)

LP: = 206:294932) meV
L™ =209:977949) 5:2262r7 +0:0347r; meV

r, = 0:8418436)%* (56)" fm

utx» =4:3 10 4
uh =6:7 10 4

rp = 0:84184(67)fm uh =8 10 4
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Proton radius from p Lamb shift

Comparing theroertical prediction with measurement !  proton radius

)

LP: = 206:294932) meV
L™ =209:977949) 5:2262r7 +0:0347r; meV

r, = 0:8418436)%* (56)" fm

utx» =4:3 10 4
uh =6:7 10 4

rp = 0:84184(67)fm uh =8 10 4

Pohl et al., Nature 466, issue 7303, 213-216 (2010)

But there is a big discrepancy with r, from H-spectroscopy and e-p scattering

3:0 from e-p scatt.

5.0 from CODATA
rp 4% smaller

CODATA 2006: r, = 0:8768 0:0069fm, from H
e-p scattering: rp =0:895 0:018fm (2%)

ﬂ A. Antognini, SLAC, Stanford 02.11.2010 — p.28




mp (2010) -
. H (2000)

Stanford (1963) e-p scatt. (2003)

| | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ |
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

r (fm)

- Pohl et al., Nature 466 213 (2010)

- L. Hand et al., Rev. Mod. Phys.35 335 (1963)
- Mohr at al., Rev. Mod. Phys. 80 633 (2008)

- Sick, Phys. Lett. B 576 62 (2003)
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p th. wrong? p exp. wrong?

H th. or experiments wrong?




s
Proton radius puzzle

< 75GH

< Z
LtB:(rrC):ODATA ) Lepxp: — . 0:31 meV
0:15 %

p th. wrong? p exp. wrong?

H th. or experiments wrong?

p experiment wrong?

- Frequency mistake by 75 GHz , u, =0:15%? (Linewidth =20 GHz)

(in spectroscopy people measure frequency with u, 10 1* and Hz precison)

- Two consistent ways to calibrate the frequency of the laser:
1) at6 m with H,O lines (20 measurements of 5 different lines )

2) at 708 nm with lambdameter, wavemeter and FP calibated to | ,, Rb, Cs lines:

6 — 708
M= TONM 3,

- Zeeman + AC/DC Stark + pressure shift < 50 MHz (  1=m)

ﬂ A. Antognini, SLAC, Stanford 02.11.2010 — p.30



Proton radius puzzle

2 75 GH

< Z
LtB:(rgODATA ) Lepxp: — . 0:31 meV
0:15 %

p th. wrong? p exp. wrong?

H th. or experiments wrong?

p theory wrong?

Discrepancy=0.31 meV
Th. uncertainty=0.005 meV
=) 60 (theory) deviation




o
Proton radius puzzle
2 75 GHz

Ltg:(rgODATA) LSP = 0:31meV
0:15 %

p th. wrong? p exp. wrong?

H th. or experiments wrong?

p theory wrong? Main contributions to the p Lamb shift

- Discrepancy I
Discrepancy=0.31 meV

Th. uncertainty=0.005 meV Polarisability

=) 60 (theory) deviation Finite size [ EENEG

Recoil
Muon self-energy + muon VP

Kallen Sabry [
One-loop VP [
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o
Proton radius puzzle
2 75 GHz

Ltg:(rgODATA ) Lepxp: — . 0:31 meV
0:15 %

p th. wrong? p exp. wrong?

H th. or experiments wrong?

" - —— 0 Lamb shilt

| ——

If there is a problem in p theory, very probably is related to

one-loop vacuum polarization
proton shape ! (discussed later)

L 40

ﬂ A. Antognini, SLAC, Stanford 02.11.2010 — p.30
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1S Lamb shift and R; can be deduced from two transitons measurements in H
1s 25 (U =10 ) >
2s ss=p (Ur =10 ™) ) | %P = 8172:840(19)MHz

>
ST R [el R s

n2 n3




I’p rom SPEeCtroscopy
1S Lamb shift and R; can be deduced from two transitons measurements in H
1s 25 (U =10 ) >
2s ss=p (Ur =10 1) ) LY =8172:840(19MHz

>
N R el R, s

n2 n3

1S Lamb shift theoretical prediction in H

QED )

o) LTy(rp)=8171:636(4) +1:5645r7 MHz
, M e, MpC:it




rp from H spectroscopy

1S Lamb shift and R; can be deduced from two transitons measurements in H

1s 25 (ur =10 ) >

>s gs=p (Uur =10 ™) LSP = 8172:840(19MHz
R L1s
\ / R ) s
1S Lamb shift theoretical prediction in H
QED )
r ) LTs(rp) = 8171:636(4) + 1:5645r; MHz

;M ¢e; MpC:it

Proton radius from hydrogen spectroscopy
LM (rp) = LS =) r, =0:873(8)fm with u, = 1%
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rp from H spectroscopy

1S Lamb shift and R; can be deduced from two transitons measurements in H

1s 25 (ur =10 ) >

>s gs=p (Uur =10 ™) LSP = 8172:840(19MHz
R L1s
\ / R ) s
1S Lamb shift theoretical prediction in H
QED )
r ) LTs(rp) = 8171:636(4) + 1:5645r; MHz

;M ¢e; MpC:it

Proton radius from hydrogen spectroscopy
LM (rp) = LS =) r, =0:873(8)fm with u, = 1%

To bring rp from H in agreement with r, from p:
- shift Li)ép , R1 , 25 8S=D by 100 kHz i.e. by )

- shift L s by 100 kHz i.e. by 25its uncertainty
A. Antognini, SLAC, Stanford 02.11.2010 — p.31




L]S extracted from 1S 2S and R; transition.

7 , 3
éLiép 1S 25 ZRl

LIS has to be shifted by 100 kHz to explain the discrepancy
I 1S 2S has to be shifted by 2000
| R, hasto be shifted by 5




Rydberg constant

L]S extracted from 1S 2S and R; transition.

7 , 3

él—%p 1S 25 ZRl

L7S has to be shifted by 100 kHz to explain the discrepancy
I 1S 2S has to be shifted by 2000

'R, has to be shifted by 5

But R1 Is an avg. from several transition frequencies which have similar systematics
- The discrepancy is maximally 3 if R; Is determined using only the
single most accurate transition which is the 25,-, 8Ds-,

- Systematics (Stark shift...) for transitions with large n is challenging ( n3)
-Toreachu, 10 ! precision forn 10 means absolute precision of =100

Tocheck R; ' He" and He* spectroscopy
Eventually also muonium spectroscopy

ETH A. Antognini, SLAC, Stanford 02.11.2010 — p.32
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Proton radius puzzle

np

———

e
[ .

e-p scatt. (Mainz, 2010)

(Hill, 2010)

scatt. (dispersion), .

lattice QCD

‘ | | | | | | ‘ | | | | ‘ | | | | ‘

e-p scatt. (Sick)

l l

‘ | |
0.77 0.8 0.82

The origin of the discrepancy?

QED th. in p: 60 (theory)
QED th. inH: 25 (theory)
R : 5

What about scattering?

0.95 0.975

r (fm)

‘ | | | |
0.925

- Pohl et al., Nature 466, issue 7303, 213-216 (2010)
- Mohr at al., Rev. Mod. Phys. 80 633 (2008)

- Bernauer et al. arXiv:1007.5076v2 (2010)

- Hill and Paz, arXiv:1008:4619v1 (2010)

- Belushkin et al., Phys. Rev. C 75 035202 (2007)

- Sick, Phys. Lett. B 576 62 (2003)

- Wang et al., Phys. Rev. D 79 094001 (2009)
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The proton form factor

and e-p scattering results




Electron-proton scattering

¢ 4 oieo
d Ros: d Mot "1+ )
2
dQ2 Q2=0

- Radiative corrections
(depend on spectrometer resolution)

- Extrapolationto Q%! 0
Model dependence?

) rpwithu, 1 2%




e good, the ugly anc

Electron-proton scattering

H spectroscopy

& _ ¢ i+
d Ros: d Mot "1+ )
2
ITSI: 6~2dGE(Q)
dQ2 Q2=0

- Radiative corrections
(depend on spectrometer resolution)

- Extrapolationto Q%! 0
Model dependence?

) rpwithu, 1 2%

- Precision measurements to u,
- Finite size effectis smallu, 10 19 (1S-2S)

- Bound-state QED needs to have u, =2 ppm
(L tth: known better than 0.5 ppm, discrepancy=12 ppm)

- I'y depends on R4

10 12:: 14

)

rp with u, = 1%




S
The good, the ugly and the bad

Electron-proton scattering H spectroscopy
d _d ‘G2 + G} - Precision measurementstou, 10 1% 14
d Ros: d Mot "(1+ ) - Finite size effectis smallu, 10 19 (1S-2S)
2= 62 dGe (SZ) - Bound-state QED needs to have u; =2 ppm
dQ Q?=0 (LT known better than 0.5 ppm, discrepancy=12 ppm)

- I'y depends on R4

- Radiative corrections
(depend on spectrometer resolution) )

rp with u, = 1%

- Extrapolation to Q%! 0

Model dependence? P(2S  2P) spectroscopy

- Moderate measurement accuracy (17 ppm)
) rpwithu, 1 2% - Finite size effect large u, 2%
- 25-2P Lamb shift th. known with 25 ppm

(Theory is limiting the extraction of rp)

- Discrepancy= 0:15% one-loop VP, p-shape?

) I'p withu, =0:08%

ﬂ A. Antognini, SLAC, Stanford 02.11.2010 — ﬁ.35




Rosenbluth cross section! Sachs form factor! ry

ne 2 2
d — d_ c-:‘E+ GM 2. _ szE(Qz)
d Ros: d Mott( "1+ ) ol = 0z

Q[ (GeV =0)?] =

6 10 7 ( p)
> 2 10 2 (e-p scatt.)

extrapolation to Q2 ! 0 required




S
Proton radius from scattering

Rosenbluth cross section! Sachs form factor! ry
"G 2 4 G 2
d _ g E M w2i = g2 9CGE(Q?)
d Ros: d Mot a+ ) p dQ2
(

2 _y27- 6107 ( p)
Q7L (Gev=c)] = > 2 10 2 (e-p scatt.)

extrapolation to Q2 ! 0 required

Open questions regarding the extrapolation
- We can not totally exclude the presence of unexpected “bump/dip” at lower Q2.
- Model assumption of the functional behavior of the form factor?

- Normalization problems. Fitting with Gg (Q2 =0)=1 ! underestimation of uncertainty.

rp from new scattering data with 1% accuracy. Is that realistic?




O
Proton radius from scattering

Rosenbluth cross section! Sachs form factor! ry

n 2 2
d — d_ GE+ GM 2. _ ZdGE(QZ)
d Ros: d Mot "+ ) g = 6~ W

(
Q[ (GeV =0)?] =

6 10 7 ( p)
> 2 10 2 (e-p scatt.)

Vanderhaegen and Walcher, ArXiv:1008.4225. Bernauer et al, ArXiv:1007.5076
New Mainz data: Gg =Ggipole VS. QZ?. Extrapolation needed.

1.01 T T T T

extrapolation to Q2 ! 0 required

1

Systematic studies about extrapolation

0.99 - IHr
have been performed!

0.98 -

rp =(0:879 0:005stat 0:004sys: 0:005y04el ) fM

0.97

0.96 -

0.95

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Q? [(GeVic))]

—— Spline fit ——+— Rosenbluth Separation

ﬂ A. Antognini, SLAC, Stanford 02.11.2010 — p.36




e
Proton radius from scattering

Rosenbluth cross section! Sachs form factor! ry

_ 2 — 2
d_ PRos- d_ Mot (1t hhgi= 6 — .

Hills and Paz, ArXiv:1008.4619 (2010) (analysis of old data!)
So-called “model-independent” ts are in fact model-depen dent.
0 Uncertainties may have been underestimated

n~ 2 2
d _ d GE + GM dGE(QZ)

) Emax = 1 2 3 4 5
) polynomial 83675 86773 866 95978 112277%
Y?= 3449 3251 3251 3110  28.99
continued fraction 8821%8 869f§g - - -
x2=32.81 32.51
z expansion (no bound) | 918" 868735 87975 1022192 1193152
x?=36.14 3252 3248 30.35  28.92
z expansion (|az| < 10) 918%5 868135 879t 88075 88013
x?=36.14 3252 3248 3246 3245

Table 1: Proton charge radius extracted from data of Table 1 of (Q* < 0.04GeV?) in
units of 107 m, using different functional behaviors of the form factor. Dashes denote fits
that do not constrain the slope to be positive.

A. Antognini, SLAC, Stanford 02.11.2010 — p.36




S
Proton radius from scattering

Rosenbluth cross section! Sachs form factor! ry
d d "G% + G%/I . dGe (QZ)

d Ros: d Mot "(1+ ) wEls &
0sS. 0 dQZ Q2:O
Hills and Paz, ArXiv:1008.4619 (2010) (analysis of old data!)

Variation of the tted proton charge radius as a function of m aximum Q?
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O
Proton radius from scattering

Rosenbluth cross section! Sachs form factor! ry
"G 2 4 G 2
d _ g E M w2i = g2 9CGE(Q?)
d Ros: d Mot 1+ ) p dQ2
(

2 _y27- 6107 ( p)
Q7L (Gev=c)"] = > 2 10 2 (e-p scatt.)

extrapolation to Q2 ! 0 required

Open questions regarding the extrapolation
- We can not totally exclude the presence of unexpected “bump/dip” at lower Q2.
- Model assumption of the functional behavior of the form factor?

- Normalization problems. Fitting with Gg (Q2 =0)=1 ! underestimation of uncertainty.

o from new scattering data with 1% accuracy. Is that realistic?

Measured cross section + radiative corrections ! Rosenbluth cross section
s
d .8 qeReB+ ) 8 3P om0 8
d d S:
P =

exp Ro
T X1
- vertex, vacuum polarization . . . = T i
- internal and external Bremsstrahlung. | Spectrometer resolution dependent

ﬂ A. Antognini, SLAC, Stanford 02.11.2010 — p.36




O
Proton radius from scattering

Rosenbluth cross section! Sachs form factor ! ry

n 2 2
E Ge* G 20— .20GE (QY)
d Ros: d Mot "+ ) g = 6~ dO2  02=0

Old data

- leads to scatter of r, values.

- model dependence and normalization issues

- Sick's CF tto e-p data has ?/dof = 1.65 for dof = 310

New valuable data since 2010
- Model dependence, normalization and radiative corrections seems ok

It is fundamental to have data at low Q2.
Something strange is happening at low Q??
It is very dif cult to extract reliable information on  (r) from its FT, Gg (9?)

Impact of scattering results on p theory?

ETH A. Antognini, SLAC, Stanford 02.11.2010 — p.36




Finite size contributions

3 R R
22 L Gl hrdig + i Wi = dr &0 (r) (Mjr Y3

Ers = i
3 n P

! !

3.7 meV 0.02 meV Discrepancy=0.3 meV




S
Proton shape dependence of muonic result

Finite size contributions

3 A R R . .
Ers= = 200 "z ZMrpg, s hWiig = & & (¢) (Mjr 19
3 n ¢p 2 ¢
3.7 meV 0.02 meV Discrepancy=0.3 meV

Can we nd a proton shape so that the discrepancy is solved?

In principle yes. Then the third Zemach moment is rrgi 2 = 36:6(6:9) fm* (De Rujula).

But measured is h’g’i 2 =2:71(13) fm® (Friar and Sick 2005, Cloet and Miller 2010)

. Rd 1 _ ) )
w3 = & q_j'[Gg(qZ) 1+ S¢PhEi] ‘From new Mainz data hr i ;) 4fm3|

Preliminary: M. Distler Private Comm.

ﬂ A. AntoaniniI S.LACI Stanford 02.11.2010 — ﬁ.37



e
Proton shape dependence of muonic result

Finite size contributions

3 A R R . .
Ees = 22— E0r 7z ZDrpgig e i = & dr? (1) (FOjr 79
3 n ¢p 2 ¢
3.7 meV 0.02 meV Discrepancy=0.3 meV

Can we nd a proton shape so that the discrepancy is solved?

W | -1 &l ool = L o .- AN~ N0\ L 2 7

In

Bl ....one sees that the new data lead to a signi cant reduction of
the densities at distances larger than about 2 fm.

(M. Vanderhaeghen and T. Walcher, ArXiv:1008.4225v1)
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Proton shape dependence of muonic result

Finite size contributions

R R
27 Zm ¢ € Zm ; . h 3i N d3r 0 . 3
Ers = r2 i + :i: pl@ = r r° (#) (M)jr Y
FS 3 B ¢|o 5 z (2
3.7 meV 0.02 meV Discrepancy=0.3 meV

Can we nd a proton shape so that the discrepancy is solved?

In principle yes. Then the third Zemach moment is rrg’i (2) = 36:6(6:9) fm* (De Rujula).

But measured is Hgi 2) =2:71(13) fm? (Friar and Sick 2005, Cloet and Miller 2010)

R . .
3 = 2 G2 (q?) 1+ %qzhgi] From new Mainz data hrji;) 4 fm?

Preliminary: M. Distler Private Comm.
Relation between hrji andr

P
E(tr3i ) = S 0:0347r3 = 0:0206meV (Dipole) Model dependence <0.002 meV
2) )= . .
e © 0:0317r3 = 0:0189meV  (Gaussian) (Borie 2005)
This substitution is done to better include recoil corrections (Pachucki (1995) and Jentschura (2010))

L =209:9779(49) 5:2262r; +0:0347r3  0:000043 5 meV (convergency!)
ETH A. Antognini, SLAC, Stanford  02.11.2010 — p.37




Amuonedm? Ifd =2 10 '® e cm would shifts the energy level < 200 MHz
Charge equality between e and generation? Checkedtou, =10 8 (from *e )




New physics?

A muonedm? Ifd =2 10 1° e cm would shifts the energy level < 200 MHz
Charge equality between e and generation? Checkedtou, =10 8 (from *e )

Deviation from Coulomb's law: probe of hidden sector

- Test of Coulomb law via spectroscopy is very clean and model independent probe of new particles
It is independent on stability and decay channel.

Z Z
V(r)= — 1+ 0% M or V(r)= — 1+ 9%Qs; sp)e ™
r r
- From simple atoms there are constraints on light bosons with ultra-weak coupling:

m 2 [1leV;MeV] and %< 10 13, < 10 17 [PRL 104,220406 (2010), arXiv:1008.3536v2]

Minicharge particles? [Jaeckel and Roy (2010), Jentschura(2010)]

Vacuum polarization with pair production of light fermions with g = "e and masses m» <m ¢

No parameter found explaining rp puzzle without contradicting, simple atoms spectroscopy, ge- 2,

ETH A. Antognini, SLAC, Stanford 02.11.2010 — p.38



New physics?

A muonedm? Ifd =2 10 1° e cm would shifts the energy level < 200 MHz
Charge equality between e and generation? Checkedtou, =10 8 (from *e )

Deviation from Coulomb's law: probe of hidden sector

- Test of Coulomb law via spectroscopy is very clean and model independent probe of new particles
It is independent on stability and decay channel.

Z Z
V(r)= — 1+ 0% M or V(r)= — 1+ 9%Qs; sp)e ™
r r
- From simple atoms there are constraints on light bosons with ultra-weak coupling:

m 2 [1leV;MeV] and %< 10 13, < 10 17 [PRL 104,220406 (2010), arXiv:1008.3536v2]

Minicharge particles? [Jaeckel and Roy (2010), Jentschura(2010)]

Vacuum polarization with pair production of light fermions with g = "e and masses m» <m ¢

No parameter found explaining rp puzzle without contradicting, simple atoms spectroscopy, ge- 2,

New bound-state QED theory?

- Non-local in time interaction...(R. K. Gainutdinov)?
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Present status

Muonic experiment:
- no doubt about statistics, position, sensitivity
- possible (quite improbable): molecular or “ionic” effects

Muonic hydrogen theory:
- pure QED theory checked: ok
- proton shape? May be an issue! Uncertainty of third Zemach moment contribution?

Hydrogen experiment:
- R1 uncertainty? Systematic effect?

Scattering results
- scatter (What else?). But new high-precision data will lead to advances

New physics: excluded so far
“New” bound-state QED (in muonic sector)? Some authors working on that...

ETH A. Antognini, SLAC, Stanford  02.11.2010 — p.39



Muonic helium Lamb shift experiment

He* (2S-2P)




AlM ana motivaton o Ae Lamp S

Measure the 2S-2P Lamb shiftin 3He" and “He" with 50 ppm
+

spe and rapye Withu, =3 10 4 0.0005 fm




Alm and motivation of He Lamb shi

Measure the 2S-2P Lamb shiftin 3He" and “He" with 50 ppm
+

spe and rapye Withu, =3 10 4 0.0005 fm

May help to solve the discrepancy observed in H- p
- Theory in muonic-H/He" —Rydberg constant —Theory in H/He"




s
Aim and motivation of He Lamb shift

Measure the 2S-2P Lamb shiftin 3He* and “He" with 50 ppm
+

l3pe and rape withu, =3 0.0005 fm

10 4 ()

May help to solve the discrepancy observed in H- p
- Theory in muonic-H/He" —Rydberg constant —Theory in H/He"

Nuclear physics

- Signi cant test of few-nucleon theories and potentials

- Absolute radii for 3He, “He, ®He, ®He when combined with isotopic shifts [P. Miiller]
- Comparison between isotopic shift (*He-*He) in muonic and electronic sector

ﬂ A. Antognini, SLAC, Stanford  02.11.2010 — p.41



Aim and motivation of He Lamb shift

Measure the 2S-2P Lamb shiftin 3He* and “He" with 50 ppm
+

spe and rape Withu, =3 10 #(  0.0005 fm

May help to solve the discrepancy observed in H- p
- Theory in muonic-H/He" —Rydberg constant —Theory in H/He"

Nuclear physics

- Signi cant test of few-nucleon theories and potentials

- Absolute radii for 3He, “He, °He, 8He when combined with isotopic shifts  [P. Muller]
- Comparison between isotopic shift (*He-*He) in muonic and electronic sector

Enhanced bound-state QED test when combined with the 1S-2S in He™
- Check interesting/problematic QED terms in He"

(Bgo term can be tested with few % accuracy)
E’H A. Antognini, SLAC, Stanford 02.11.2010 — p.41




s
Lamb shift prediction and the He" radius

Eh (2P, 2S;5,) = 167Q370(10)600 105322r.2 +1:529r4.5 meV

= 1380020(10)" (600)P° (1450 " - 52 meV
[Martynenko]
ESP (2P, 2S;-,) = 13xy:lpq(70)s: meV

Finite size 20%of E

Nuclear pol. 0:2%of E

Measure the transition frequency with 50 ppm (, =20, 20GHz)
limited by He™ polarizability (calculated in 1978 with u, = 20%)

If polarizability will be calculated with u, = 5%
+

Determine ry. withu, =3 10 ¢

ﬂ A. Antognini, SLAC, Stanford 02.11.2010 — p.42



Few-nucleon theories

Phenomenological approach:

Extract NN and NNN interactions from scattering phase shifts and bound properties
I Tensor component, spin-dependent, spin-orbit
hard core + long range range interaction from Yukawa
Very complicate potential with many ( 50) parameters

Effective eld theories
Bridge from nuclear physics to QCD
Systematic separation of scales, symmetries & effective degree of freedom

Schrdodinger equation for three- four-nucleons states
- Coupled cluster

- Stochastic variational

- Green function Monte Carlo

- No Core shell model

- Effective interaction hyperspherical harmonics methods
ETH A. Antognini, SLAC, Stanford 02.11.2010 — p.43



Few-nucleon theories and He-radius

Mathematics under control: observables deduced on the . 0:1% level

Given a potential from phenomenolgy or EFT

+

<r 2 > from the various methods agree within 1 10 3

EFT and the “He radius  [Navratil et al., PRL99, 042501 (2007)]

Constants of the effective Lagrangian may be deduced from QCD or low-E exp.
All the low-E const. extracted from the A=2 with excepion of cp, ce which describe

the NNN-int:
Ce ‘o o : NN- -N contact terms strength

>K ><| ce : NNN contact terms strength
The charge radius (with other observables) is used to dedude ¢p and cg.
+
potential

ETH A. Antognini, SLAC, Stanford  02.11.2010 — p.44




O
Few-nucleon th.$ p, n, d and3*He radii

'he Measurement) low-E const. of the NNN interaction (alt: nd-scatt., binding )

low-E const. from -, and Ep of A=3 system ) rye prediction

How the varius radii are interconnected [Gazit et al., PRL 103, 102502 (2009)]

2 — ¢2 2 2 N
rHepoint - rHecharge rp + I Z

1 1 b

Few-nucleon th. He p  Experiment

From C. Forssen, ECT, Trento, 20.10.2009
NN (N3LO) +NNN (N3LO) EXp.
NCSM HH NCSM HH

<r|§>1:2 [fm] | 1.515(2) | 1.518 || 1.475(2) | 1.476 | 1.467(13)

P. Navratil et al., Phys. Rev. Lett. 99 (2007) 042501
A Kievsky J. Phys. G 35 (2008) 063101

Similar situation for *He and d [L.E. Marcucci et al., PRC 72 014001 (2005)]
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Enhanced bound-state QED.

Why annoying you with bound-state QED?




Free QED

g 2 | electron anomaly: test of QED, determination of , NP

2 3 4 5
aa=C, — +C, — +C¢ — +Cg — +Cyp — + (had :;NP)

Bound-state QED in Hydrogen

Binding effects (Z ) bad convergence, all-order approach/expansion
Radiative corrections ( and Z )
Recoll corrections (m=M and Z ) relativity < two-body system

Radiative—recoll corrections ( , m=M and Z )
Proton structure corrections (rp, ' zemach and Z )

v .. )



One-loop self-energy in hydrogen

1) _ N € B
ESE =h J bound] | é.f‘/\f\"k_g
R

=ie? %D (Whj Se(p) jih jmji

n3

(Z ) expansion vs. all-order approach

Perturbative expansion of the Dirac-Coulomb propagator in (Z )

h i
Fn = Ago+ AgiIn(Z ) 2+4(2Z2 )Agop+(Z )2 Aga2(Z ) 2+ AgIn(Z ) 2+ G

h i h
G=Ago+(Z ) A70In(Z ) 2+ A79 +(Z )2 Aggin3(Z ) 2+ Agom2(z ) 2+Ag In(Z ) 2+ Agg

Uncertainty related to truncation of (Z ) expansion: 28 kHz

All-order numerical exact treatment of the Dirac-Coulomb propagator

Uncertainty related to the numerical approach: 0.8 Hz [U. Jentschura]
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Critical contributions in hydrogen

L N oy S s AL
204 (Z ) expansion
\/ m\(>/n 40-
m -50-|
(3 ? O {1 { All-order
O 100
X .
;’JWHS 120
0'1'0I2'0'3'0I4'0'5lO.6|0'7'0'8I0'9|0l1([)0
o O O O
x X x X Nuclear charge number Z
2 2(z )4 — hio: — '
Eéé - m - n3) Gn(Z ) Beo = 86(15), Gg¥* = 101(15) Yerokin (2009)

Gn = Bao +(Z )Bso+(Z )? Be3ln®(Z ) 2+ Be2In®(Z ) 2+ BeIn(Z ) 2+ Gpyo +

Gnh =1:409 0:177 +[ 0:015 0:003+0:026 0:003+ ] i

‘Bad convergence of the (Z ) expansion I




Critical contributions in hydrogen

L N oy S s AL

204 (Z ) expansion

>§<

ST -so-.| I

In hydrogen it is not possible to test the B4y term even
when the r, from muonic hydrogen is used.
(limited by Ry )

Combining He™ and He spectroscopy ! determine Bgg term
with relative accuracy of few %

(limited by muonic helium nuclear polarizability)

The present Bgp theoretical relative uncertainty is 50%

A. Antognini, SLAC, Stanford

02.11.2010 — p.49




S
Precision test ofBgg contribution

H [kHZ] He* [kHz] ratio
EZS 1S 2466 1012 9869 1012 Z2 [= %ZZRl + (Li1s L2s)]
(Lis  La2s)®® (from R 1) 16 65 Z° [= ( Ezs 1s 3Z%Ri)]
(2.2 ppm) (0.7 ppm)
(Lis Log)™ 712788744) 93856127848 Z3%7 [Jentschura, 2006]
(Lis  Las)™ (6.3 ppm) (3.7 ppm)
Bgo and B+ terms 8(3) 543(185 Z°*
nuclear size (p, *He) 1102@44) 62079095 Z%r?
after p 1 1 He experiments
uncert. of nucl. size (2) (40)  He" -pol. 5%

(16)  He" -pol. 2%

check Bgy and B-; with 25% 7% He" -pol. 5%
3% He™ -pol. 2%
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S
Precision test ofBgg contribution

H [kHZ] He* [kHz] ratio
EZS 1S 2466 1012 9869 1012 Z2 [= %ZZRl + (Li1s L2s)]
(Lis L2s)®P (from R, ) 16 10 65 Z% [= ( Eszs 1s 227R: )]
(2.2 ppm) (0.7 ppm)
(0.1 ppm) (His 2s + p)
(Lis Log)™ 712788744) 93856127848 Z3%7 [Jentschura, 2006]
(Lis  Las)™ (6.3 ppm) (3.7 ppm)
Bgo and B+ terms 8(3) 543(185 Z°*
nuclear size (p, *He) 1102@44) 62079095 Z%r?
after p 1 1 He experiments
uncert. of nucl. size (2) (40)  He" -pol. 5%

(16)  He" -pol. 2%

check Bgy and B-; with 25% 7% He" -pol. 5%
3% He™ -pol. 2%

ﬂ A. AntoaniniI SLACI Stanford 02.11.2010 — E.SO




Summary & outlook

‘ Need to solve the large observed discrepancy I

- H theory? Many authors have been working on H-theory.
- p theory? All known contributions rechecked by several authors. No change!
- Assumed proton shape? Consistent with measured form factors but
- How reliable are scattering results? Uncertainties?
Extrapolation? Model dependence? Normalizations? Radiative corrections?
- R1 uncertainty? Systematics? Experimental determination is very challenging.
- I'p de nition? Consistent in all systems  [Jentschura].
- New physics? Light bososns with ultraweak coupling and minicharge particle excluded
- Fundamental problems with bound-state QED?  [e.g.Gainutdinov]

d measurement could help to shed some light on proton puzzle

Test of proton and deuteron models: Bound-state QED test
lattice QCD, few-nucleon ab initio th. Fundamental constants

New experiment:. He”
- May illuminate discrepancy, enhance sensitivity to QED effects, few-nucleon th.
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O
Summary & outlook

‘ Need to solve the large observed discrepancy I

- H theory? Many authors have been working on H-theory.

- p theory? All known contributions rechecked by several authors. No change!
- Assumed proton shape? Consistent with measured form factors but

- How reliable are scattering results? Uncertainties?

=
X Best test of hydrogen-like energy levels
N p, d, ®He and *He nuclear radii 10 better [

d|  Improvement of the R, by a factor of 6

New experiment: He"
- May illuminate discrepancy, enhance sensitivity to QED effects, few-nucleon th.
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O
Summary & outlook

‘ Need to solve the large observed discrepancy I

- H theory? Many authors have been working on H-theory.

- p theory? All known contributions rechecked by several authors. No change!
- Assumed proton shape? Consistent with measured form factors but

- How reliable are scattering results? Uncertainties?

E

- It really seems to be a good movie!

P

- N : : cluded
. Lots of interesting guns...

d Perfect for getting money ... in a bank

New experiment: He"
- May illuminate discrepancy, enhance sensitivity to QED effects, few-nucleon th.

ﬂ A. Antognini, SLAC, Stanford 02.11.2010 — p.51
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e
The laser system

 YDYAG thindisklaser Yt GO anEntEs

cw TiSa laser

- =) [Oscillator| [Oscillator| €= - |

1200w | 1030 nm| [1030 nm| 200w | | Wave Verdi | |

9 mJ ¢ ¢ 9 mJ | meter Tsw Thin-disk laser
= Amplifier| | Amplifier { ' cw TiSa |! Frequency doubling
'500 W S00W, |y K,:p] Eamy |

1 43mJ¢ yamoo 200 mw T

SHG SHG 1, /Cs y |

: ‘ : < :

TiSa laser:

cw frequency stabilized laser

| Y Y )

3 1 Na P M '€> _ \

| 'ﬁ><__ / U= OEE. injected seeded oscillator
| TiSa Amp. K 708 nm, 15 mJ | _ _

1 > N multipass ampli er

1
|
|
|
|
|
|
|
|

T~ Raman cell

Raman cell

1 > > = T 6mm caviy | ————>  lATgEtcavity
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S
The laser system

 Yb:YAG thin-disk laser ~ ——

~ w=p [Oscillator| [Oscillator] €= i cw TiSa laser 1 R

200w [ 1030 nm| [1030 nm| 200w | , | Wave Verdi | - Thin-disk laser

9mJ ¢ ¢ </ ‘ | meter v5 w Large pulse energy: 85 (160) mJ
5oo-v5 Amplifier| | Amplifier ;)?W L, Kpp] (7;\(,)V8Tir?r% | Short trigger-to-pulse delay: . 400 ns
43 méi@ S:C;B mJ To7cs 400 mwW 3 Random trigger
e {'sHG ? ~ DI Pulse-to-pulse delays down to 2 ms
e e L S (rep. rate & 500 Hz)

3 21 N e P %//\ . :
| 'ﬁ>-<__ / U= 06, | Each single  triggers the laser system
| TiSa Amp. = 708 nm, 15 mJ }
: > |

2S lifetime 1 s! shortlaser delay

Raman cell

A. Antognini et. al., IEEE J. Quant. Electr.
Vol. 45, No. 8, 993-1005 (2009).
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The laser system

cw TiSa laser

MOPA TiSa laser:

3 =P (Oscillator| |Oscillator| €= i | |
200W 1030 nm| |1030 nm|200W, , , Wa;’e Verdi | | Cw frequency stabilized laser
| 9m3¢ ¢9mJ | meter v 5W, .
. — —— = —— - referenced to a stable FP cavity
500 W Amplifier| | Amplifier| -0\, R KFPII cw TiSa |, _ _ _ _
‘ e mJ¢ Y 43 mJ L 708 nm | - FP cavity calibrated with 1, Rb, Cs lines
1 - 400 mw |
; SHG SHG - f—{l5 /Cs | 7 =N FRS
BN I 1SHG ? N e A . FRS =1497:344(6) MHz, N 2 105.
| \‘1 ey 7 mJ‘J ol absolutely know with =30 MHz
23 mJ 515 nm 23 mJ
g 2P 2S — 18:6 GHz

ISa Amp.

| fﬁ><h J
o T " 708 nm, 15 mJ
: > |

Seeded oscillator

pulsed _ cw
TiSa —  TiSa

(frequency chirp

Raman cell 100 MHz)

Multipass ampli er (2f- con guration)

gain=10
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e
The laser system

Yb:YAG thin-disk laser

cw TiSa laser

- == [Oscillator| [Oscillator| €= | |
200w | 1030 nm| |[1030 nm|200wW:' , | Wave Verdi | 7
| -1 meter l 708 nm H 6.02mm
1 9 mJ 9 mJ . v5W, 2
500 W. Amplifier| | Amplifier 5'00 Wi cw TiSa |
: ¢ Y 43 mJ | A KFPII 708 nm ||
- BT o S0 || 1%'stokes 7 Siokes 39 stok
| SHG SHG ; |1, / Cs i B _to_ es tokes tokes
I [ A
SR g ‘} N -« 1
B N N——————— N | | 708 nm A
| Y Y 7mJ ‘ s
| 23mJ| 515nm |23 mJ 1.5mJ ) | 1.00mm o
l <1 ‘1 t | f2Zmm 6.02mm
| I4Lf N P 1Y i F’g Y oy=1 |y _L i
- : £ | 1B I H
| TiSa Amp. [ 708 nm, 15 mJ } SvY L v=0 B 1 2
: > N

Raman cell

tunable I'vib (p; T) = const
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S
The laser system

Yb:YAG thin-disk laser

| | _ . - : 5

- =) |Oscillator| |Oscillator| €= - cw TiSa laser : ) 190 mm .

200w [1030 nm| |[1030 nm|200wW | b | Wave Verdi | | - s

B i AL ) ’

c00 v | Amplifier| | Amplifier - cw TiSa | -]

o s00W) 1 [(FP)|| | 708 nm |

| 43mj¢ Y damd 400 MW |

SHG =lile 1, /Cs |

SR R ‘SHG? P — D — |

R N———— 5 | Horiz. plane Vert. plane

Design: insensitive to misalignment

ISa Amp.

l Y Y 3

= N T |» | o
N mmig | Transverse illumination
w T K 708 nm, 15 mJ |

: > |

Large volume

Dielectric coating with R~ 99:9% (at6 m)

I Light makes 1000 re ections

Raman cell
I Lightis con ned for 50 ns

/ I 0.15 mJ saturates the 2S 2P transition
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e
The laser system

Yb:YAG thin-disk laser Water absorption

| - : o7

- == Oscillator| |Oscillator| €= | euly VIS [BIEL  ael

200 W | 1030 nm 1030 nm | 200 W 1 _ Wave Verdi | | os b

| 9mJ y y omd 1 meter vsw

500 W Amplifier] | Amplifier| . WL, KFPII t;\(/)VBTlr?r% : 03|

43mJ¢ Yazml a00mw || 02 J m

; SHG SHG =]l /Cs B A 1IN

: _SHG? <% : 0¢

*************************** e 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100

I e -\ | | . wavenumber (ci)

| 7mJ | T

: 23 mJ 515nm [23 mJ 1.5mJ m) | o6 - scan region

= rsaos. 7

| I , | L

| N . — ! 0.4 |

| TiSa Amp. 4 708 nm, 15 mJ 1 ) i

. - N 0.3 |

6 om monitoring [H201 6mm 7 " U% L\JU
Qli

wavenumber (cih)

Raman cell

|

|

| Lo L L PRI N NI L

: (:)L630 1640 1650 1660 1670 1680 1690 1700
1 Vacuum tube for 6 m beam transport.

Direct frequency calibrationat 6 m.
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