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Experiments: Challenges and Solutions
Nuclear Structure Conclusions from &(r2)
Absolute Charge Radii

Nuclear Moments

Outlook (What's next ?)
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Example: Helium Isotopes:

Mass Shift “He-8He: ~ 64 700 000 kHz
Field Shift 4He-8He: ~ 1 000 kHz
IS Accuracy: ~ 100 kHz
~ 3x10°
~ Doppler Shift @ 4 cm/s

Single Photon Recoil (20 cm/s) 430 kHz
Difference “He-8He: 215 kHz

External degrees of freedom must be under

control or the method must be insensitive to them.

Lifetime (!ILi) ~ 8 ms
Production Rate (!ILi, 12Be ) ~ 10.000 s-!
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Atom Trap Setup
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Transition i S Vs Svi
8He 23§, — 3°P, 64701.129(73) 64 702.0982 —0.969(73)
8He 23§, — 3°P, 64 701.466(52) 64 702.5086 ~1.043(52)
Mean + nucl. pol. —1.020(42){64}
SHe 23S, — 3*P, 43 194.740(37) 43196.1573 —1.417(37)
He 23§, — 3°P, 43 194.483(12) 43 195.8966 —1.414(12)

He 235, — 3P,
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SHe 235, — 3°P,
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~1.420(10)
~1.431(8){31}
—1.399(33){50}
—1.430(8){31}

Brodeur et al. PRL
108 052504 (2012)
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Experimentally required:

Accuracy of ~ 200 kHz

High sensitivity : ¢ > 104
Fast technique: T;,, ~8 ms
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4 AU/U ~ 104 )

= uncertainty of IS
Advrs (9Be,12Be) = 40 MHz =2 —
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Solution: Quasi-simultaneous collinear-anticollinear arrangement . 2,2 .(1_ IBZ)_ 2
Independent of uncertainties in the acceleration voltage! Y B
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R(VLi) = (2

e N

Model-independent data
in most cases not available

Laser Spectroscopy
Isotope Shift

Model independent !

Why bother about R_?
- Comparison with theory

- Trend along isotones
e.g. 'Be - 8B (what is the effect of the halo-proton)
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Geometrical Relation of CM-Motion:

F.ef = el +Rr2,
R e e

W. Nértershduser, P. Miiller,

PhiuZ 40, 96 (2009) R..2n=5.89(3) fm Charge Radius
Coulomb Dissociation:
¢ Present work (RIKEN)
3 (Ze\2 3 [Ze\2

----- leki et al(MSU). = (V2 +r2+2r,- = 2,
1.5F —1 Shimoura et al.(RIKEN) ] B(El ) 4‘17' ( A ) <' I ,' g r2> m ( A ) <""'">

- = =- Zinser et al.(GSI)

Calculqtion . . . .

1.0 W 0. Goeryiatian. - R..,,= 5.01(32) fm Coulomb Dissociation

_____ Using the same

dB(E1)/dE .4 (e®*fm?/MeV)

05F /] N -
; ’ ' ‘ ¢ approach for 1!Be: R~ 7 fm
j Sk araf 5l PP cn
ool DT
0.0 0.5 1.0 1.5 2.0 2.5 3.0

E .o (MeV) Nakamura et al., PRL, 96 252502 (2006) 12
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(1) Isotope Masses
AV 71 % 2.7 kHz (1x107) — Ar, % +0.0007 fm

(2) Calculational Accuracy
A(Bv 711) % 6.4 kHz (3x107) —» Ar, # £0.0011 fm
(3) Nuclear Polarizability
A@BvZAL) ® 4 kHz (2x10°7) — Ar, # +0.0008 fm
SvZil = 39 (4) kHz (2x10°) — dr. = 0.0047(8) fm
(4) Field Shift Coefficient
AC % 0.0017 MHz/fm?2 (1x103) — Ar_ # £0.0001 fm

(5) Experimental Uncertainty
Av® 0.109 MHz (3x10-%) —» Ar, # +0.014 fm
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Only Precise or
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PRL 107, 023001 (2011) PHYSICAL REVIEW LETTERS SIULY 2011 |
Absolute Transition Frequencies and Quantum Interference in a Frequency Comb Based -
Measurement of the ®’Li D Lines

Craig J. Sansonetti,' C.E. Simien,"”* J. D. Gillaspy.' Joseph N. Tan,' Samuel M. Brewer,>' Roger C. Brown,”"' 7]
Saijun Wu," and J. V. Porto’ -

! National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA .

2University of Maryland, College Park, Maryland 20742, USA .

(Received 14 March 2011; published 6 July 2011) 1

Optical frequencies of the D lines of ®’Li were measured with a relative accuracy of 5 X 107! using an ]

optical comb synthesizer. Quantum interference in the laser induced fluorescence for the partially resolved —

D2 lines was found to produce polarization dependent shifts as large as 1 MHz. Our results resolve large
discrepancies among previous experiments and between all experiments and theory. The fine-structure
splittings for ®Li and "Li are 10052.837(22) MHz and 10053.435(21) MHz. The splitting isotope shift is
0.599(30) MHz, in reasonable agreement with recent theoretical calculations.

DOI: 10.1103/PhysRevLett.107.023001 PACS numbers: 32.10.Fn, 32.30.Jc, 42.50.Gy, 42.62.Eh
ov P A
Nortershduser et al., PRA 83 012516 (2011)



Re(*'Li) = \/ RA(ALi) + 8 {r2)*

Elastic Electron Scattering
‘He: 1.681 ( 4) fm,
6Li: 2.589 (39) fm
°Be: 2.519 (12) fm

Muonic Atoms (X-Ray)
Laser Spectroscopy: Muonic Atoms
H-Like Systems

Laser Spectroscopy
Isotope Shift

Model independent !
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R,2 = 0.766(12) fm?
-0.120(5) fm2

5 N
(re) = (rop) + Ry + — R0+

3K’
4M,>c?

+(rZ),, + MEC

Spin-Orbit Contribution for He:
G. Papadimitriou, et a/. PRC 84, 051304(R) (2011)

(r2)so = -0.0718 / -0.158 fm?

Li isotopes , PRC 84 024307 (2011):

Isotope Model (r2) (fm?) (r2). (fm?)
°Li FMD +0.006 —0.006
i FMD +0.012 —0.020
o FMD +0.011 —0.056
°Li FMD +0.021 —0.084
S E FMD (VAP) +0.023 —0.089
UL — (p1pp)? FMD (VAP) +0.024 —0.003
i — (s512) FMD (VAP) +0.023 —0.088
°Li (free) TOSM? +0.026 —0.091
TR B TOSMP +0.026 —0.097
2n halo in ''Li TOSM*® +0.052
s [ TOSM¢ +0.026 —0.045
2n halo in "'Li 3BM® +0.048
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Fig. 4 from G. Papadimitriou, et al. PRC 84, 051304(R) (2011)

(core swelling from GFMC)
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Linewidth ~ 2 kHz
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All approaches predict an increase
of Q from °Li to !lLi:
Effect of larger R, or
or
(quadrupole) core polarization

R. Neugart et al., PRL 101, 132502 (2008)
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B one proton halo

B two proton halo

® TITAN
+ ISOLTRAP

- [N

3 4 5 6 8 one neutron halo

~  two neutron halo

N B four neutron halo
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z [fm]

8B is the best proton-halo candidate !

SB="Li+p

T1/2 ~ 800 ms

BUT ...

Mass shift calculations
only available for B* or
higher charge states

Laser-accessible
transition: He-like B3*

Starting from
metastable state
1 (1s2s 35;) ~ 150 ms

In-flight production
required

24




VOLUME 66, NUMBER 22 PHYSICAL REVIEW LETTERS 3 JUNE 1991

Precision Measurements of Relativistic and QED Effects in Heliumlike Boron 2 3P

T. P. Dinneen, "’ N. Berrah-Mansour, H. G. Berry, L. Young, and R. C. Pardo p 011:2
Physics Division, Argonne National Laboratory, Argonne, Hlinois 60439
(Received M August 1990)
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Collinear laser spectroscopy of meta-
stable, helium-like B3* from an ECR

« In-flight production at ATLAS
« Stop, low energy B* -> source
.. gas catcher + ECR
Charge breeding
.. fo B3 or B#
* Populate metastable state
.. in source or charge-ex.
« High-resolution laser excitation
.. coll.-anticoll., A-Spectroscopy
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I,

« Laser Spectroscopy of short-lived light isotopes provides
accurate data of nuclear ground-state properties

« Results along isotopic chains are benchmarks for nuclear
structure models

« For neutron-halo nuclei, changes in nuclear charge radii are
dominated by recoil effects

«  Unambiguous proof for a proton halo is still missing —
Spectroscopy on 8B required

The field has seen tremendous progress in atomic theory
.. but further improvements are required !

« Specific mass shift constants, field shift constants, and hyperfine
fields for more complicated systems with good accuracy

« Absolute nuclear charge radii from transition frequencies
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Proceedings of the Nobel Symposium on
“Nuclear Physics with radioactive beams”

Precision Atomic Physics Techniques for Nuclear

Physics with Radioactive Beams
Klaus Blaumf. Jens Dillingi and Wilfried Nortershauser§
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