
Precision optical spectroscopy of 
radioactive Be isotopes 

produced in projectile fragmentation

Michiharu  Wada  and  SLOWRI Collaboration
RIKEN
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Microwave Frequency [kHz] - 2677 MHz

1. Optical Spectroscopy of Be 2. Mass Spectrograph for short-lived nuclei

3.New Facility at RIKEN



optical 
spectroscopy

model independent manner

A goal of Nuclear Physics: THE Nuclear Model
uniquely describes all 

properties of all nuclides

Mass

Size

Moments

T1/2
Pn,p,γ..

Static Properties

Dynamic Properties

Level Scheme

Cross Sections

.....

.....
We know only a few of them 

for radioactive nuclei

Spin
Parity

stable: ~250
discovered: ~3000
expected: ~10000
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Nuclides Optically Measured
(≈46 element、≈600 Nuclei)

Expected Yields at SLOWRI

Optical Spectroscopy Applied Nuclides

Proton

Neutron



1 ppb

1 ppm

N=28

N=50

N=82
Z=28

Z=50

Z=82

質量既知核（測定精度）

N=126

半減期既知核

質量直接測定可能核

半減期測定可能核

MRTOF@SLOWRI

STOPPER@BigRIPS質量直接測定可能核  mass-ring

Mass:　known:2000

Mass Known (Accuracy)

T1/2 Known   

Mass to be measured

Mass to be measured      



Penning Trap Performance

6 Major Penning Trap Facilities（20years）
̃500 nuclides were measured
relatively close to stability line

A. Jokinen



Comprehensive Measurements of 
All Nuclides

Universal Methods to Produce Unstable Nuclei

Efficient & Quick Methods to Measure the 
Properties

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

Ion Traps, Lasers,  MRTOF Mass Spectrograph

More Beam Time
Parasitic Beam



Optical Spectroscopy of Be Isotopes

11Be
Z=4
N=7

10Be
Z= 4
N= 6

Core + One loosely bound 
Neutron

Charge Radius Volume without Charge-less 
Neutron

Magnetization 
Radius Single Valence Neutron carries 

most of Magnetization of Nucleus

Cancelled in the Core
(core polarization still exist)Distribution of 

Valence Neutron

(T1/2=13s)

IS (E0)

IS (M1)
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proposed: M. Wada et al, NPA(1997)356c
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Experimental	
  Setup	
  :	
  SLOWRI	
  prototype	
  @	
  RIBF,	
  RIKEN	
  

High	
  Energy	
  RI	
  Beam Low	
  Energy	
  RI	
  Beam	
  ~2	
  eV

RF	
  Ion	
  Guide Carbon-­‐OPIG Qmass
Ion	
  Trap

UV	
  Laser
313	
  nm

RIPS

~1	
  GeV

Energy	
  Degrader RF	
  carpet

13C
Be
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UV Laser Frequency - 957,347 [GHz]

Laser	
  Cooled	
  7Be+

Tion	
  <	
  10	
  mK

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

10-­‐15
	
  -­‐fold	
  reduction	
  of	
  kinetic	
  energy!	
  

M.	
  Wada	
  et	
  al.,	
  NIM	
  B	
  204,570(2003)
A.	
  Takamine	
  et	
  al.,	
  RSI	
  76,103503(2005)

DC	
  gradient

RF	
  confinem
ent

Carbon-OPIGTM
RF-CarpetTM



Normal	
  Mass	
  Shift
(ease	
  to	
  calculate)

Specific	
  Mass	
  Shift
(difficult	
  to	
  calculate)

Field	
  Shift

Mass	
  Dependent Volume	
  Dependent

Field	
  Shift	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Charge	
  Radii

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

Atomic	
  Energy	
  Level	
  

for	
  Infinite	
  Mass	
  &	
  Point	
  Charge

requires	
  an	
  accuracy	
  of	
  10-­‐91% of rc　　   2 MHz

Absolute	
  transition	
  frequency	
  	
  ~1	
  000	
  000	
  000	
  MHz
Isotope	
  Shift	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  10	
  000	
  MHz

Mass	
  Shift	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  10	
  000	
  MHz
Field	
  Shift	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  10	
  MHz

Yan	
  et	
  al,	
  PRL100,	
  243002	
  (2008)= −16.912 MHz/fm2 

for	
  Be+	
  22S	
  →	
  22P	
  

Shallower	
  Coulomb	
  potential	
  for	
  
electrons	
  in	
  a	
  nucleus



31,563.9 MHz
Field Shift  6.3(3.0) MHz

31,570.2 MHz

10

F=1

F=0

22S1/2

22P3/2
F=2

mF=+3

mF=-3

mF=-1

mF=+1

σ+

mF=0

Cooling laser Probe Laser

11Be+
22S1/2 - 22P3/2 Transition	
  Measurement	
   

957,428,188.9 MHz
957,396,618.7 MHz

11Be
9Be −)

−)

Isotope Shift
Mass Shift

Shift of Charge Radii 

 

7Be+ 9Be+

11Be+

957 347 372.4 (1.6) MHz 957 396 618.7 (0.6) MHz

957 428 188.9 (2.9) MHz
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10Be+

957 413 945.1 (0.9) MHz
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A.	
  Takamine	
  et	
  al.,	
  to	
  be	
  submitted



Hyperfine 
Constant

Nuclear g-factor

Nuclear Magnetization 
probed by strong 

inhomogeneous magnetic 
field due to s-electron

Nuclear Magnetization 
probed by very 

homogeneous external 
magnetic field

N

S

Different Quantities,

Comparison provide 
magnetic radius

Observation 
from ∞

(S-state)



theoretical prediction of HFA 
for Be isotopes

-0.15

-0.1

-0.05

0

7 9 11

Hyperfine Anomaly of Be isotopes

F.I.S
F.I.S.2
P.L.
P.L.2
N.Y.

ε B
W (

%
)

Mass Number
FIS: Fujita Ito Suzuki, PRC59(1999)210
P.L.: Parfenova, Leclercq-Willain, PRC72(2005)024312
N.Y.: Yamanaka, HFI, 127(2000)129.

Large ε_BW is expected for 
11Be, due to extended halo 

neutron



microwave

13

Laser-­‐Microwave	
  Double	
  Resonance	
  
1. Optical	
  Pumping	
  to	
  Recyclable	
  State	
  by	
  

σ+	
  or	
  σ-­‐	
  Laser
2. Laser	
  Cooling	
  
3. Microwave	
  induces	
  hf	
  transition
4. Fluorescence	
  detects	
  population	
  

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

HFS	
  Spectroscopy	
  of	
  7Be+

F=1
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mF=0

14

F=1

F=0

F=2
mF=+2
mF=-­‐2

mF=-­‐1

mF=+1

σ+

mF=0

laser

microwave

A.	
  Takamine	
  et	
  al.,	
  to	
  be	
  submitted

22P3/2

22S1/2

HFS	
  Spectroscopy	
  of	
  11Be+	
  (T1/2=13.8s)	
  
11Be+  (I=1/2)

Fitted	
  to	
  Breit-­‐Rabi	
  formula	
  :
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Results	
  of	
  Be	
  HFS	
  Spectroscopy

hyperfine	
  anomaly
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●	
  More	
  than	
  one	
  order	
  of	
  magnitude	
  better	
  
accuracy	
  for	
  μI	
  is	
  required.	
  
→	
  Planning	
  to	
  remeasure	
  @RIKEN

●	
  More	
  seriously,	
  β-­‐NMR	
  method	
  cannot	
  be	
  
applied	
  for	
  Be-­‐7.
→	
  How	
  to	
  measure	
  it	
  ?

A.	
  Takamine	
  et	
  al.,	
  to	
  be	
  submitted

Our	
  Works

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

HFS constant A [MHz]

Nuclear Mag. Moment [n.m]

{deduced from A}

Be-7 Be-9 Be-11

-742.77228(43) -625.0088370529(11) -2677.302988(72)

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

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

**	
  	
  J.	
  Bollinger	
  et	
  al.,

**



€ 

A = −625 008 835.23 (75) Hz
ʹ′ g I / gJ =  2.134 780 33 (28) ×  10-4

Pumped State by
σ+ Laser

Pumped State by
σ- Laser

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

€ 

WF (mJ ,mI ,b) = −
A
4
− (mJ + mI )γb

                      + mJ A2 ( 1
2 + I)2 + 2A(mJ + mI )(γ −1)b + (γ −1)2b2

                        b = gJµBB0 / h,   γ = gI ʹ′ / gJ

Breit-Rabi's Formula:

Accurate	
  and	
  Independent	
  Measurement	
  of	
  μI	
  and	
  A

→7Be+,11Be+	
  	
  

→	
  B-­‐W	
  effect TO
	
  DO

T.	
  Nakamura	
  et	
  al.,	
  	
  Opt.	
  Comm	
  205,329	
  (2002)



Is a HFS constant a constant ?

A gI/gJ  x10-4 magnetic field

-625 008 837.053(11) Hz 2.134 779 852(3) 6.8 / 8.2 kG

-625 008 835.23(75) Hz 2.134 780 33(28) 4.7 kG T.	
  Nakamura	
  et	
  al.,	
  	
  Opt.	
  Comm	
  
205,329	
  (2002)

a spin off

J.J.	
  Bollinger	
  et	
  al.,	
  	
  
PRL	
  54,	
  1000	
  (1985)

2σ discrepancy

mag. field0

A ∝ B2

9Be+

clock condition

High field correction (by  W.M. Itano)

Quadratic corrections for each electrons

* measurement at B=0 
(0-0 transition in 11Be+)

* measurement for 
isotopes (gI, mI)



rc

rm

Very Preliminary

HFS constant A (MHz)

Nuclear Mag. Moment (n.m)

by beta-NMR

S1/2-P3/2 Opt. Transition 
(MHz)

Be7 Be9 Be10 Be11

-742.77228(43) -625.0088370529(11) - -2677.302988(72)

[  -1.39928(2)  ] -1.177432(3) - [  -1.6812(5)  ]

(-)1.6816(8)

957347372.4(1.6) 957396618.7(0.6) 957413945.1(0.9) 957 428 188.9(2.9)

Charge & Magnetization Radii of Be Isotopes

-0.0002

0

0.0002

0.0004

0.0006

0.0008

0.001

7 9 11

Differential hyperfine anomaly

Theory FIS
Theory FIS2
Theory PL
Theory PL2
Exp

9 Δ
A

A: Mass Number
neutron halo

of 11Be

Our Works

*  W. Geithner et al,
 PRL 83(1999)3792
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Laser-Cooled Trapped Ions @RIKEN
Collinear Laser Spectroscopy @ ISOLDE
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ion mirror ion mirror ion detectortrap

0

200
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1000

1200

0 100 200 300 400 500 600

A=80 Isobars

Y

TOF (+2033000 ns)

1MeVΔt
FHWM

 = 10 ns (400keV)
for 2 ms (100 m) flight

50
Zn49

Ga
48

Ge
47

As46
Se 45

Br
44

Kr 43
Rb 42

Sr 41
Y

40
Zr

• Easy Calibration.
• No Scan, Higher Statistical Efficiency
• δM ~ 10 keV/c2 is achievable in short period(2 ms).

Multi-Reflection TOF Mass Spectrograph

unknown 
masses will be 

here

lap#～1742 (7 ms)
R(FWHM)~200,000

CO
(A=27.995)

N2

(A=28.006)130 keV/c2

10.46 MeV/c2

All Isobars in Single Spectrum

Prototype MRTOF

Test result with a small prototype

Y.Ishida et al., NIMB241(2005)983



Penning Trap vs.  MRTOF

Energy Isochronous

 

MRP: Better MRP for Heavy, 
Short-lived Nuclei

Rm=200,000
N=3000
δM~0.1ppm

New MRTOF: MRP≈500,000 expected

Heavy Molecule, 
too！

MRP



He 
gas cell
(50cm)

SPIG
Q-mass

TRAP

Cryo-cooler

RF-carpet

Cryo-cooler

MR-TOF Mass Spectrograph

 1 m

HE RI-
Portable MRTOF MS

trap

MRTOF

Cryo-
Gas Cell

DC beam
~1 eV

Cooled Ion Bunch 

Efficiency ~10% 

dc
rf

rf

trap

MRTOF

trap made of PCB



First Test Results
of new MRTOF



mass uncertainty and half-life

MRTOF(expected)



Super Conducting 
Ring Cyclotron

Target

Projectile Fragment 
Separator : BigRIPS

RF Ion Guide
Gas Cell

RF-Carpet

High Energy RI-Beam

Heavy ion beam
400 MeV/u

>200 MeV/u

~1 eV

30 keV

Ion Trap

Laser Spectroscopy

Mass Measurement

ISOL

Degrader

A/Z

A

all elements
high pure
low emittance
0-30 KeV

Universal Slow RI-beam 
Facility :  SLOWRI

（（ ））

（（ ））

（（ ））

RI-Beam Factory

SLOWRI facility

“Super ISOLDE”



beam time issue

（（ ））

））

SLOWRI

Mass
Laser
Trap
Decay
etc

power
outage

5 months/y
2 weeks/y for SLOWRI ??

SLOWRI

5 mon./y for SLOWRI !!

power
outage



Projectile Fragmentation
from, e.g.,  350A MeV Xe136  0.5puA

N=Z

N=!3 Z

Xe 0.5 pu"A
(3*10^12 pps)

1 mpps

1  pps

1 kpps

1 Mpps

1 Gpps

H H

He He

Li Li

Be

B B

C C

N N

O O O

F

NeNe Ne

Na

MgMgMg

Al

Si Si Si

P

S S S

Cl

S

Ar
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Ar

K
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Ca

K

Ca Ca Ca
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Cr Cr Cr

Fe

Mn
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Zn Zn Zn

Ga
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Ge GeGe
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Ge
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Kr

Br
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Br

Kr Kr Kr

Sr

Rb

Kr

Sr Sr Sr

Y

Zr Zr Zr

Mo
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MoMoMo

Ru

MoMo

Ru Ru Ru RuRu

Pd

Rh

Ru

Pd Pd Pd

Cd

Ag

Pd

Cd

Ag

Pd

Cd CdCd

Sn

In

Cd

Sn Sn

Cd

Sn Sn SnSn Sn

Te

Sb

Sn

Te

Sb

Sn

Te Te Te

Xe

I

Xe Xe Xe

Ba

Xe Xe

Ba

Cs

Xe

BaBa Ba

Ce

Ba Ba

Ce

La

Ce

Pr

Nd Nd

Sm

Nd Nd Nd

Sm

Eu

Sm

Eu

Sm

Gd Gd Gd

Dy

Gd Gd

Dy

Tb

Gd

DyDy Dy

Er

Dy Dy

Er

Ho

Er Er Er

Yb

Tm

Er

YbYb Yb Yb Yb

Lu

Yb

Hf Hf Hf Hf Hf

W

Ta

W

Re

W

Os Os Os Os

Ir

Os

Pt

Ir

Pt Pt Pt

Hg

Au

Pt

Hg Hg Hg HgHg

Tl

Hg

Tl

Pb Pb Pb

Bi

U

Many nuclides are 
simultaneously produced from 

a single ion beam

When other one plays with 78Ni,
Many nuclides are freely available at F1

A/Z=+5%

A/Z=-5%



F2

Target

1) Stop & Neutralize in Ar (1 bar)
2) Extract by Gas Flow
3) Re-Ionize at Exit and SPIG
not universal, not very fast but

A/Z, Z, A separation

F1

PALIS
PArasitic slow RI-beam with gas catcher Laser Ion Source
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Overview of advanced SLOWRI facility
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