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(a) Exotic Structure of Halo Nuclei
Model-Independent Approach
to the Core Size in Halo Nuclei

(b) Validating ab-initio Nuclear Structure Calculations

Benchmarks for Nuclear Structure Calculations based on
Nucleon-Nucleon and Three-Nucleon Potentials

(Greens-Function Monte Carlo, No-Core Shell Modell,
Fermionic Molecular Dynamics)
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Isotop 1 = Frequency difference in an electronic
transition between two isotopes
Isotop
Avis = s ¥ AVgs
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Field Shift
finite size of the nucleus




OVis = OVpns + OVEs 5
4 4 % 1
27.,: § 0.14
A|\|/(O)|2 < > g 0014
\ 3 =
1 J ST 10 100
I C(L') ~16 MHZ/fI’T\Z Atomic number, Z
EXPERIMENT THEORY | 6Li-11Li: =36 GHz
- dvph " Sy
Charge Radius : 6<r 2>A’A _ measured MS, Theory
A7 ¢ A7
(120 = (%), + vy wiR
A 7 —1.5661 MHz/fm?
Theoretically required: Experimentally required:
Accuracy of ~ 100 kHz Accuracy of ~ 100 kHz
Field Shift Factor High sensitivity : € > 104
| Fast technique: T;,~s-ms | 3
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Energy of an atomic state
. 2 3
Etot T ENR T ERel T EQED T T AEnuclear'size
Expand in terms of u/M, with p = m,M /(M+m,)
=€) (2) Mass polarization, 1st and 2nd order
E\r -+ EN +( )ENR+... ass polarizat
_|_ E(l) Re}a‘rivis’ric mass, spin-.o.r'bi.‘r, spin-spin,
Rel — Rel . spin-other orbit, relativistic nuclear recoil, ...
_ LA E(l) 4 Anomalous magnetic moment, vacuum
— M —QED ' °*° polarization, self energy, ...

Isotope shift
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Isotope Yan & Drake | Puchalski & Pachucki Tsotope M(Be) Ref
mu
7Be 49225.779 (38) | - 49 225.744 (35)(9) -
Be 0 . "Be 7.016 92983 (21) | AME2003

°Be 9.012182 20 (40) | TITAN

10Be | 17 310.442 (12) | 17 310.459 (13)(11)

10Be | 10.013534 74 (13) | TITAN
11Be 1560.198(32) | 31 560.245 (31)(12) D> )

e Be | 11.02166155 (62) | TITAN
12Be | 43390.168(39) 43 390.18(3)(18)
2Be | 12.0269207 (23) | TITAN

Vpol = 208 kKHz | 14pe [ 14,04289 (14) | AME2003

0.8 }

Nuclear Polarizability
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© Nakamuraer al. b
= this work
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Significant correction to the |(¢N\d\E)\2=Tm ;E ) 02 | 4,

isotope shift of !1Be ‘ 0 fi
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PRA 78, 052511 (2008) T
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R. Palit et al., PRC 68, 034318 (2003)



Properties
@
Be-7 | =~
. stable
Beg | 132
’ 1.5 Ma
Be-10 I:O _______
'. 136s
Be-11 | 172
. 23 ms
Be-12 | 10
<t).' o| 4ms
ge-19 | O

I Vields at
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|

I 1.4 x10%10 g1
|

Energie [eV]

10

1=51(4)ns, ~ 20 MH:z
7 1520 Py 4

A~313.197 nm

15 2528,




LC2 target 1.4 GeV protons

Developent and Test:
Mainz (2005-2008)

Experiment at
ISOLDE (CERN)

~ 1000 ?Be*/s
Ty =23 ms

COLLAPS setup

12
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electrostatic charge exchange cell (Na)
deflection
ion beam :
electrostatic lenses excitation & observation region

Eyin<60 keV °

for retardation

~

laser beam =
fixed frequency

E A E=1/2mv’

: 5E

Acceler.
by E=eU

Amplitude [a.u.]

[N

o photo multiplier

| R 1l yv

DoV, oV
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+~CONVENTIONAL SETUP"

ion beam

.. ~60 keV Doppler-tuning
\"k Acceleration /
collinear o Deceleration

laser beam :

fixed frequency

Ve :VO'7/'(1+ﬂ)

Photomultiplier
y=v(U.m), B = B(U,m),
AU/U = 104
= Svis (°Be !'Be) = 14 MHz

Impossible for Light Elements (Z<10) !l

OUR APPROACH
Ve =y -7 -1+ f)
Va=Vvy7-(1-B)

V, V.=V y° -(1—,6’2):1/5

Completely

o independent
anticollinear of U
laser beam i

fixed frequency

Requirements:

Measure absolute frequencies
Accuracy: Av/v <107

Dedicated Laser System for absolute
Frequency Measurements
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2p3/2
= F=0,123
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Q. T°
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i Shutter [T

F=2

Rb-Clock |

Collinear

Anticollinear
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Reference Point: °Be
Electron Scattering: r.(°Be) = 2.519(12) fm,

Nuclear Charge Radius (fm)

2.8

N
T

2.5

2.4

2.3

Be Isotope
W. Nortershduser et al., PRL 102, 062503 (2009)
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[J.A. Jansen et al., Nucl.Phys.A 188, 337 (1972)]

| ® Experiment



Reference Point: °Be

Electron Scattering: r.(°Be) = 2.519(12) fm, [J.A. Jansen et al., Nucl.Phys.A 188, 337 (1972)]

2,7 -
2,6 -
2,51

2.4 -

Nuclear Charge Radius [fm]

2,3+

® Experiment

Be Isotope

W. Nortershduser et al., PRL 102, 062503 (2009)
M. Zakova et al., Europ. Phys. J. 6 37, 055107 (2010)

+ Greens-Funct.

Monte-Carlo
Calcul.

Fermonic
Molecular
Dynamics

No-Core
Shell Model

Stochastic
Variational
Multicluster
Model
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Remeasured absolute transition frequencies for 101Be* and 12 Be*
A factors 2s;,, and 2p,,, states & magnetic moment for 'Be

Counts/ s

132 128 124 132 128 124
Voltage [V] Voltage [V]

Measuring Time/ Plot:

Z
'7709”ee
5 Ogy’eny  10Be: 150 sec.
5 5, Be: 2000 sec.
R db 2Be: 7200 sec.
B Isotope shift

relative to 1°Be >

Counts/ s
Counts/ s

Nuclear charge radii

Voltage [V] Voltage [V]
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Part IT: Laser Spectroscopy of
Hydrogen- and
Lithiumlike Heavy Ions
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Extreme Static Electromagnetic Fields

AE =~ 500 eV
10" Zo~1
4
EY Quantum
S 10%
. Electro-
W 10 .
) Dynamics
10 -
AE ~ 109 eV
10" 17702030 20 50 60 70 80 90 Z-o ~ 1072

Nuclear Charae. Z
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Magnetic Field Strength

T. Beier, Phys. Rep. 339 (2000) 79

nuclear charge Z

Hyperfine Structure probes
extremely strong magnetic
fields very close to the nuclear
surface.



m, FF+1)— I+ 1)—jj+1) , (Zo)

AEHFS = ddr o . MeC™ —3 A(ZOC)
m 2j(j + 1 n (2l + 1
p JU ) ( ) Relativistic
Correction
Non-Relativistic Result l
E]SI 5 = /
|
Ay, (L) = 07— 1)
=1+ =(Zx)’ +£(Z >t +
Including Nuclear Structure and QED Contributions: B P g
m, F(F +1)—II+ 1)—j(j+ 1)
AEps = - c*
HFS OUImP 2+ 1) mec
7 3 [ ]
« 22 1 AZa)f1 — o)1 — o] + E)MQED

2l + 1) / .\ \ \

Nuclear Mass || Relativistic || Breit-Rosen- || Bohr-Weiss- QED
Effect Effects thal Effect || kopf Effect Contribution
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Species A (nm) Transition Type and reference
165 b6+ 572.64(1.5) F=4—F=3 EBIT [60]
185Re’4+ 456.05(3) F=3—>F=2 EBIT [61]
187 Re74+ 451.69(5) F=3—->F=2 EBIT [61]
B L 385.822(30) F=1—-F=0 EBIT [8]
U BA- 382.184(34) F=1—=F=0 EBIT [8]
207 pp81+ 1019.7(2) F=1—F=0 RING [7]
207 pp81+ 1019.5(2) F=1—F=0 RING [62]
20982+ 243.87(4) F=5—-F=4 RING [6]
e Bican 243.87(2) F=5—-F=4 RING [62]
20980+ 1511(48) F=5—-F=4 EBIT [63]
20980+ 1566(10) F=5—>F=4 EBIT [64]

Direct Observation of M1 Fluorescence Difference between X-Ray Transitions

Average intensity (counts/h)

ol  @5158x3)A  (45592:3)A
1 8‘.'Re‘n‘4+ /IRSRer-+
6 Hell
g
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0 1 L
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collimator camera
achromat achromat
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£

)\ prism
artz window
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electron beam

CCD detector
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Laser Spectroscopy

a) 400 A= 243.87(4)nm
} e e |
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100
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H-like: AED) = AERSL(1 — &) + AEQLD,
Li-like: AE®) = AEGmc(1 = €®) + AEp (1 — &™)
(2s)
+ AEQEp T AEinQED -
/ It can be shown that the ratios \
(2?) S(int)
(l?) — f(CEZ) and 2s) — fint(az) .
can be calculated to rather high accuracy and is almost independent of
\’rhe nuclear structure = Bohr-Weisskopf effect cancels ! /

v

oSpHERe

Knowing the hyperfine splitting in the H-like ion, the HFS
in the Li-like ion can be predicted with high accuracy!

Shabaev et al., PRL 86 3959 (2001)
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1600 —————————— Relativistic Ions at the
® ' ¢ A o® ESR
1] ‘ 2098i80+ . (] ]
® % e e | SPECTRAP @ HITRAP:
1200 % ®e © 7 Laser Spectroscopy on
« o ®* | Trapped Ions inside a
. @ 0 e Penning Trap
800

400

Transition wavelength [nm]
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Principle:

Electron

Detection Cooler

Region
(PM, APD)
Excitation
Region

T RF cavity
for Beam Bunching

Doppler Shift:
M= Y5
M=o

Examples:

207ppso+: ), = 1020 nm
B =0.57 (211 MeV/u)
7‘“Lab =532 nm

209Bj82+; A, = 250 nm
B =059 (218 MeV/u)
Mab = 489 nm



120 90 60 30
Nachweiswinkel

» De‘recTror'r(PM)

Ion Beam

Mirror
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Improvements
 Detection Region

* New Laser System
* Photon Tagging

Simulation Results

Background | Signal |tg

(¢

Old | 1000 st? 11st |74s
new | 160 s 45s1 10,7s
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« Atoms are versatile laboratories for a manifold of
investigations.

* Many subtle effects leave their trace in the electronic
energies.

* Nuclear structure of exotic isotopes can be studied by
laser spectroscopy and provide important information for
nuclear structure models.

« Studying highly charged ions allows to study QED in the
strong-field regime.

 Once understood, these investigations can again be used to
study the structure of nuclei in more detail.

35
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ToPLIS Test der SRT am ESR Laserspektroskopie on-line

Laser Spektroskopie an
Lase

JSPHERe

hochgeladenen Ionen und
BeTINa exotischen radioaktiven SpecTrap
Nukliden

LaSpec TRIGA-LASER Lithiumahnliches Bismut
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