Precision optical spectroscopy of
radioactive Be isotopes
produced in projectile fragmentation
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A goal of Nuclear Physics:  THE Nuclear Model

uniquely describes all
properties of all nuclides

Static Properties

stable: ~250
discovered: ~3000
. Mass expected: ~10000 Dynamic Properties
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We know only a few of them
model independent manner for radioactive nuclei



Optical Spectroscopy Applied Nuclides
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Penning Trap Performance
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60 - N
40 - 6 Major Penning Trap Facilities(2Qyears)

~500 nuclides were measured
relatively close to stability line
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Comprehensive Measurements of
All Nuclides

Universal Methods to Produce Unstable Nuclei

In-flight Separators, Gas catcher cooletr,...

'¢'—t_-‘\‘- 'k 4 o

Efficient & Quick Methods to Measure the
Properties

lon Traps, Lasers, MRTOF Mass Spectrograph

More Beam Time
Parasitic Beam



Optical Spectroscopy of Be Isotopes

lIBe

Z=4
N=7

(T1/2=13s)

Charge Radius
IS (EO)

Magnetization

Radius
IS (M1)

Distribution of
Valence Neutron

/4

proposed: M.Wada et al, NPA(1997)356c

IOB
(S
Core + One loosely bound
Z=4 Neutron
N= 6

Volume without Charge-less
Neutron

Single Valence Neutron carries [l

most of Magnetization of Nucleus

Cancelled in the Core
(core polarization still exist)



Experimental Setup : SLOWRI prototype @ RIBF, RIKEN
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UV Laser

High Energy Rl Beam Low Energy RI Beam ~2 eV 313 nm
~1 GeV
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Laser Cooled 7’Be*
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Tion < 10 MK
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UINNESS
M. Wada et al., NIM B 204,570(2003)
A. Takamine et al., RSI 76,103503(2005

Fluorescence Intensity [Counts / 40ms]
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UV Laser Frequency - 957,347 [GHz]

T. Nakamura et al., PRA 74, 052503 (2004)
K. Okada et al., PRL 101, 212502 (2008)




Field Shift == Charge Radii

Finite Mass and Volume of a Nucleus cause a Shift in Optical Transition Energy

Atomic Energy Level  Mass Dependent Volume Dependent
Normal Mass Shift ~ Specific Mass Shift Field Shift
g (ease to calculate) (difficult to calculate) Pe
for Infinite Mass & Point Charge

Shallower Coulomb potential for <r3§




22812 - 22P3/» Transition Measurement
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A. Takamine et al., to be submitted




Hyperfine Nuclear g-factor

Constant
(S-state)
Different Quantities,

Comparison provide

magnetic radius ,
Observation

from oo

1)

A= Apoint(l + E)

A I
LAY — ¢ — g ~ 11/(p11/111)
Ag/(19/I)

Nuclear Magnetization Nuclear Magnetization
probed by strong probed by very
inhomogeneous magnetic homogeneous external

field due to s-electron magnetic field




theoretical prediction of HFA
for Be isotopes

Hyperfine Anomaly of Be isotopes

O|||||
@ | Large €_BW is expected for
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FIS: Fujita Ito Suzuki, PRC59(1999)210
P.L.: Parfenova, Leclercg-Willain, PRC72(2005)0243 12
N.Y.:Yamanaka, HFI, 127(2000) | 29.



HFS Spectroscopy of ’Be*

Bet (I=3/2)
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Laser-Microwave Double Resonance

v = 1472.748(8) MHz
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Microwave Frequency — 1400 [MHz]
B =0.71277(4) mT

Optical Pumping to Recyclable Stateby v, v~ = A = —742.77228(43) MHz (5-10"7)

G+ or o- Laser
Laser Cooling
Microwave induces hf transition
Fluorescence detects population

v — pp=2L_ =21 MHz/mT = I = 3/2

A = pup = —1.39928(1) |"A®°| <1075

K. Okada et al., PRL 101, 212502 (2008)



HFS Spectroscopy of "Be* (T>=13.8s)
MBet (I=1/2)

F=2 <--\ MEg=-2

V= 2677.37430(10) MHz

22P3/)

laser o+
F=0 — M=0
2 ' microwave
2-81/2 :
vl Mg=+1
F=1 < B
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Fitted to Breit-Rabi formula:

v = /A + B2g7pg(1 - 7)?

Microwave Frequency [kHz] - 2677 MHz
B = 0.6980(3) mT
p-wave gate=76 us

— A3 = —2677.30. dz (3-1078)
A = pup = —1.6812(2) |°Alt| <1074

Y — pp=2l- =14 MHz/mT = I = 1/2

Magnetic Field [mT]

A. Takamine et al., to be submitted



Differential B-W Effect

Results of Be HFS Spectroscopy

T e [ w1 wen
HFS constant A [MHz]  [SZYNa@SLICRIN -625. 0088370529(11) -2677. 3

I Nuclear Mag. Moment [n.m] I

{deduced from A}

hyperfine anomaly

@ CExperiment
[ ] Fujita (a)
[ ] Fujita (b)

[ ] Parfenova ws=0.5
[ ] Parfenova ws=0.75

[]

9,11

A

A. Takamine et al., to be submitted

-1.177432(3) (-)1.6816(8)*

{ -1.39928(2) }_ { -1.6812(2) }

* W. Geithner et al., PRL 83(1999)3792

** ). Bollinger et al.,

—=2.2(48) x 10~*

® More than one order of magnitude better
accuracy for y, is required.
— Planning to remeasure @RIKEN

® More seriously, -NMR method cannot be
applied for Be-7.
— How to measure it?




Accurate and Independent Measurement of w, and A

Zeeman Splittings of the Ground-State Hyperfine Structure of 9Be

e
i) Rabi method ( « = 0.45 ms)
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Breit-Rabi's Formula:

A =-625008 835.23 (75) Hz

A
Wi, by = == (m, o m, )b g /g = 213478033 (28) x 10*
+mAJAR G+ D)+ 2A0m, + m)(y = Db+ (y —1)*b’

T. Nakamura et al., Opt. Comm 205,329 (2002)
b=gJAu’BB0/h’ Y=8 /gj

_’7Be+,11Be+
— B-W effect




a spin off

Is a HFS constant a constant ?

‘Be*
A gi/lg xl04 magnetic field
J.J. Bollinger et al.,
-625 008 837.053(1 1) Hz |  2.134 779 852(3) 6,90 C/k ga%u-!ﬁG oRL 54, om0 (1565)
-625 008 835.23(75) Hz 2.134 780 33(28) 4.7 kG T- Nakamura et al, Opt. Com

205,329 (2002)

20 discrepancy

A « B?
* measurement at B=0
(0-0 transition in ''Be+)
* measurement for
isotopes (gl, ml)
0 mag. field

High field correction (by V.M. Itano)
€
pi — pi + SA(r;)

oSt A
2m : 2m

7

Quadratic corrections for each electrons

(2} + ;) B’

o2

Smc?

x grmymjB?




20 Charge & Magnetization Radii of Be Isotopes ——
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Intensity

Multi-Reflection TOF Mass Spectrograph

ion mirror

Potential Distribution for Capture
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Test result with a small prototype

ion detector

* Easy Calibration.

)

Prototype MRTOF

* No Scan, Higher Statistical Efficiency
e OM ~ 10 keV/c? is achievable in short period(2 ms

All Isobars in Single Spectrum
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Penning Trap vs. MRTOF
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74 Cryo-
Gas Cell

Portable MRTOF MS l"": o)

Cryo-cooler

He
gas cell
(50cm)

RF-carpet

MR-TOF Mass Spectrograph

N
SPIG
| | Q-mass

TRAP
Jigy A

Cryo-cooler

trap made of PCB |

DC beam
~1 eV

Efficiency ~10%

Cooled Ion Bunch




First Test Results
of new MRTOF
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relative uncertainty

mass uncertainty and half-life
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SLOWRI facility

Super Conducting
Ring Cyclotro
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beam time issue

5 months/y
2 weeks/y for SLOWRI

5 mon./y for SLOWRI !!

SLOWRI
(Universal SLOW RI-bean

P SLOWRI
sl Mass
S iaRIFS Laser
¢ ectile Igent Separator) Tr. a p
te ring cyclotro
New Facility Decay

RIBF Accelerator Building
etc



Projectile Fragmentation

from, e.g., 350A MeV Xel36 0.5puA

Many nuclides are
simultaneously produced from
a single ion beam

Cd| Cd| CdCdCd| Cd cCd
Ag| Ag

Pd/ PdPdPd Pd Pd
Rh

Ru’ RuRuRuRuRu|  Ru

When other one plays with 78N,
" Many nuclides are freely available at Fl

Yb Yb
Tm
Er Er Er Er Er
Ho
DyDy Dy Dy Dy
Tb
GdGdGdGdGd Gd
Eu Eu
Sm Sm Sm Sm

Dy Dy

dNd NdNd  Nd

Xe 0.5pu A
(3*10M 2 pps)

—1 Gpps
=
{1 Mpps
u
m—1 kpps
1
%F PPS

u
B 1 mpps



PALIS

PArasitic slow RI-beam with gas catcher Laser lon Source
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differential pumping

1) Stop & Neutralize in Ar (1 bar)
2) Extract by Gas Flow
3) Re-lonize at Exit and SPIG

not universal, not very fast but
A/Z, Z, A separation



Dy Dy |

GdGdGdGd!
Eu Eu
Sm Sm Sm Sm

NdNd NdNd Nd

Yield at F1 (5cm cgll, 105-155mm) o o0 &

La 6.1 55 45
Ba Ba BaBaBaBa B’a 6.8 6.4/5.4 4.6 3.1
Cs 7.4/ 7116357 |46 3.1
P - - Xe XeXeXeXeXe Xe 7.5 7.4 6.8/6.4/58 4332
rl. Beam. U 1 OO DnA | 7.6 7.5 7.1 6.7/6.0[53 41 3.1
Te Te TeTeTe 7.7 7.9 79 7.2 6.9/ 6.2[57 4738
. . Sb  Sb 700 7.4 8.1 7.917.5 6% 518 [0 142 1310
M a I n B e m N HawXe) S NS NS S TS NS NS NS NS NS o 7.2 7.8 7.60 7,70 7.3 6,788 48] 3. |
« INTT U In 7380 7.6 7.6 7.1 7063 5% 5%
Cd Cd CdcdCd Cd Cd 73 7.7 7.7 7.7 69 |6 |58 [ [33
Ag Ag 7.3 7.6 7.8 7.9 7.2 7.1/6.2[5850/43 2.9
Pd PdPdPd Pd Pd 7.1 7.6 7.8 8.0 7.3 7.36.4[6.1 85344 3.0
Rh 6.9 7.5 7.9 8.0 7.5 7.4 7.0/6.3[54 47 35
Ru RuRuRuRuRu Ru 7.3 7.8 8.1 7.6 7.5 7.1 6.5/5:7[5.0/3.8
7.0 7.8 8.0 7.6 7.6 7.2 6759 8% |47 (37
Mo MoMoMoMoMo 7.9 7.8 7.9 7.6 7.6 7.0 6.8/6.1/5:5 4.4 3.6
Nb 7.8 7.8 8.0 7.6 7.6 7.3 6.9 6.2 JBl6 47 |31
Zr Zr Zr Zr 6.9 7.7 8.1 7.8 7.8/7.1 6.9 6.3/5:8 419 4.1 |26
7.6 8.0 7.8 7.9 7.5 7.2/6.5 588K 143 311
Sr  Sr Sr Sr 7.5 7.9 7.7 7.8 7.4 7.4/6:66:3 518 a7 (333
Rb 64 7.6 7.7 7.8 7.6 7.3 6.9 6.5 5l 416 [358 |2l

Kr Kr Kr Kr Kr Kr 7.5 7.6 7.8 7.5 7.4/ 6.8/ 6.4/5.7 [5:2[ 4233

Br Br 7.5 7.6 7.5 7.5/7.0 6.6/5.8/5:2 4335
Se SeSeSe Se 38/ 7.4 7.6 7.4 7.4/ 7.0/ 6.8 612 |5 |4 |37
As 68 7.5 /7.4 7.4 7.0 6.9 6% |8 % 4%
GeGeGe Ge 7:317.2 7.3 170 7.0 [T |57 4% 4% 2%

Ga &% 7.1 72170 618 6% ot |7 % 157 [B%
69 7.1/6.9 6.6 64 &% 6% 50 158 |33
67668 6.6/ 6% BT [BH 143 3%
5.7 6.9 6.8 6.7 6.3 6.1 5.0/ 5.2 4.4 3.8 z.a-
Co 6.5/6.5 6.5 6.2/6.1/556 53345540 3.0
Fe Fe FeFe 6.2/6.2/6.4/6.16.1/5%[52 46 4.1]3.1 28
Mn 6.1 6.2/6.0/6.05% 51347 42 3.3 2%
Cr Cr Cr 417 |60 519 1519 |5 |51 |46 1413 |33 |28
Vi 5.8/5:85:8514 5247 [43[355 2.9
Ti Ti Ti Ti Ti 5.5 516 56535246 [4.3/3:5/3.0
Sc 5.3 |58 514 |51 (4.7 [42[3.7 [ 3.0
Ca CaCaCa Calais|s3 |5k 5% |45 4% 356 3.1
K K 45[4949 54 [48 4639 35
Ar Ar Ar %t S 4% |48 400 376 B
Cl Cl A% 4% A% % 4% 33 |30
S 8§ S S as[az24s 38 3728 |28
B 4.1/39/42 38[3.7/3.1 28
Si Si Si 35317 |40 376 [ 356 26 2
Al 3.33.7/3.6/3.56 3.02%

MgMgMg 3.4[3.33.4[28 27
Na 27 3.1/3.2 2928
NeNe Ne 2§ '35 28 |2
F 2.6 2.7 2.7

OOk B




Overview of advanced SLOWRI facility

Superconducting Cyclotron

PALIS
Extractor

Fast Rl from :
BigRIPS

Resonance lonization Laser

(Laser Spectroscopy &
beta-NMR setup) Y,
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