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Radioactive beryllium isotope ions !7Be+ and 10Be+" that are provided by a projectile fragment separator
with #1 GeV beams, as well as stable isotope ions !9Be+" are stored and laser cooled in an online ion trap.
Their absolute transition energies of the 2s 2S1/2→2p 2P3/2 transition were measured with an accuracy of
$10−8. In this way isotope shifts of beryllium ions were obtained and the differential mass polarization
parameter !=−0.286 41!70" a.u. as well as the 2s 2S→2p 2P transition energy of an infinitely heavy beryllium
ion h"#=0.145 524 290!42" a.u. were determined for the first time.

DOI: XXXX PACS number!s": 32.10.Bi, 32.10.Fn, 32.30.$r

I. INTRODUCTION

An online ion trap for nuclear laser spectroscopy has been
developed at the prototype slow radioactive ion-beam facility
!SLOWRI" of RIKEN. Energetic radioactive ion beams from
a projectile fragment separator are decelerated and cooled in
a gas catcher cell and the thermal ions are extracted and
collected in a linear rf trap by a combination of dc and in-
homogeneous rf fields !rf ion guide" %1–3&. This online ion
trap is a generally applicable device and can now be used for
various high-precision laser spectroscopies of stored radioac-
tive ions, such as hyperfine structure spectroscopy of the
beryllium isotopes %4,5& to determine the anomalous radius
of the valence neutron of the neutron halo nucleus 11Be %6&,
and to determine the charge radii of these beryllium isotopes
through laser-laser double-resonance spectroscopy of laser-
cooled ions.

Laser cooling is an essential prerequisite for these planned
experiments. However, the exact resonant frequencies of the
cooling transitions for radioactive beryllium isotopes are not
known. In such light elements, the isotope shifts in the
atomic transitions are larger than 10 GHz and their dominant
parts are due to complicated multielectron correlations.
Some theoretical works on the isotope shifts of the beryllium
ion exist, however, the values contradict each other. We
worked and report on the measurements of these resonant
frequencies of 7Be+ and 10Be+ in the online ion trap.

The Hamiltonian HM for an N-electron atomic system
with a nuclear mass Mn can be written with a zeroth-order
Hamiltonian H# for an infinite nuclear mass and point
nuclear charge as

HM =
%

me
'H# +

1
Mn

(
i&j

N

pi · p j) ,

where me is the electron mass; %=Mnme / !Mn+me" the re-
duced electron mass, and pk is the momentum of the kth
electron. The solution is obtained by the perturbation to H#

of the second term in parentheses, the electron correlation
term, as

'!Mn" =
%

me
''# +

1
Mn
*(

i&j

N

pi · p j+) = '# −
%

Mn
'# +

%

Mn
K ,

where '# represents the energy levels of the atom with infi-
nite mass and K= ,(i&j

N pi ·p j- /me is the mass polarization
parameter. The second term is the so-called normal mass
shift !NMS" and the third term is the specific mass shift
!SMS". In reality, the finite volume of the nucleus causes
another shift, the so-called field shift !FS". However, the
magnitude of the FS in the cooling transition for the beryl-
lium isotopes was evaluated to be less than 100 MHz and the
differences among isotopes are less than 10 MHz, which is
smaller than the uncertainty of the present experimental re-
sults. Therefore we have neglected the FS throughout the
paper.

In the experiments, only the energy difference between
the two energy levels !a ,b" of a particular isotope is ob-
served. The observable transition frequency "obs is
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概要
RFイオンガイドから引き出された不安定10,7Be+イオンのon-lineトラップ

（9Be+についてはoff-lineでトラップ）
　2 2S1/2-2 2P3/2遷移のレーザー分光
　遷移周波数の絶対値測定＝アイソトープシフト(IS)測定
　ISの理論計算との比較

・Be同位体：9=NA100%→Be初のアイソトープシフト測定

・9Be+ 2 2S1/2-2 2P3/2: 弱磁場(~0.54 mT)では初精密分光データ
→　過去の強磁場(~1.1 T)でのデータとの比較

2 2S1/2
(G.S.)

2 2P3/2
2 2P1/2

Be+ atomic energy levels

313 nm
(957THz)



Isotope Shift (IS)

type origin effective region order @Be+ 22S1/2 - 2
2P3/2

field shift (FS)
nuclear charge 

distribution
Z ≥ 58

effect ~100 MHz 
difference ~ 10 MHz

(negligible here)

mass 
shift
(MS)

normal MS
(NMS)

reduced mass Z ≤ 30 effect ~ 100 GHz
difference ~ 10 GHz

(comparable)specific MS
(SMS)

mass polarization
(multi-electronic)

2 ≤ Z ≤ 30 
(0 for H-like)

isotope shift = 同位体間にみられる遷移周波数（原子エネルギー準位）のシフト

エネルギー準位のMS: 核の質量→∞の準位ε∞に対する有限核質量Mnの準位

SMSNMS

mass polarization parameter 計算難しい，いくつかの理論計算

ε(Mn) =
µ

me



ε∞ +
1

Mn

〈
N∑

i<j

pi · pj

〉

 = ε∞ − µ

Mn
ε∞ +

µ

Mn
K

K =

〈
N∑

i<j

pi · pj

〉
/me

mass polarization

µ =
Mnme

Mn + me

pk:束縛電子の運動量



遷移周波数のisotope shift (実験で測定可能)

同位体間での遷移周波数の差(一般にはこの形で評価)

difference

ここでは，
各同位体の遷移周波数の絶対値測定

↓

isotope shiftを特徴付ける量としてhν∞とκを導出，理論計算と比較

hνobs = εa − εb = hν∞ − µ

Mn
hν∞ +

µ

Mn
κ

κ = Ka −Kb

hν∞ = ε∞a − ε∞b

differential mass polarization parameter

transition energy of an infinite mass

SMSNMS

hν2−1 = hν(M2)− hν(M1) =
(

µ1

M1
− µ2

M2

)
(hν∞ − κ)

BeではISが大きいので困難，hν∞とκの独立導出困難

state a,b間遷移



実験装置

RIPS SPIG
He gas cell linear Paul trap

Qmass
wedged
degraderring cyclotron

target
high energy
RI beams
 ~1GeV

slow RI beams ~eV UV laser 313nm
CEM

~0.54 mT / < 50 K

Wavelength meter
Advantest Q8326

899-21 cw Tunable 
Ring Dye Laser
~ 700 mW

626 nm

Verdi V-10
8.0 W

MBD-200
cw SHG Unit

Iodine cell

photo-detector

313 nm, 数 mW

controller

cryogenic linear 
RF trap
( T ~ 20 K )

532 nm

Lab-VIEW

GPIB
J4 to E6 (数十m)

300 mm Fabry-Perot etalon (FPE)
(FSR=252.7(4)MHz)

P.D.

P.D.

Iodine Doppler free 
and limited spectroscopy

(for absolute frequecny calibration)

λ/2 plate







He buffer gas cooled spectra of on-line trapped 10,7Be+

He ~ 4e-4 Torr
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Be9 off-line実験で検証

測定周波数＝遷移周波数
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off-line 9Be+ experiment
laser cooled

0

5

10

15

20

25

0

1

2

3

4

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5

-8 -7 -6 -5 -4 -3 -2 -1

L
IF

 s
ig

na
l [

10
3  c

ou
nt

s/
0.

4s
]

2ν
cal

 - 957 400 [GHz]

calibrated dye laser frequency ν
cal

 - 478 700 [GHz]
Iodine absorption signal

FPE

I2 sat.

I2 abs.

LIF

R89(8-3)

957 396.977(14) GHz
FWHM ~ 0.18 GHz ( ~ 0.6 K)

478 697.7655(30) GHz

He gas cooled (~4e-4 Torr)

Δνhfs=
3/4Α

F=1

F=2

2 2S1/2
(G.S.)

2 2P3/2
2 2P1/2 laser cooled: hfs準位にoptical pumpされた周波数

gas cooled: 重心間の遷移周波数，hfsの影響による不確定性大
　　→7Be+の測定精度に補正必要
νliterature(Bollinger et al., Phys.Rev.A31, 2711(1985)) 
　　外部磁場1.1 T→0に外挿

ν
ave

: .538(93)
ν

pump
: .977(14)ν9: .515(14)

ν
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: .802(136)
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0

5

10

15

20

0.2 0.4 0.6 0.8 1
E

ve
nt

s
observed transition frequency ν - 957 396 [GHz]



observed resonance frequencies of Be isotopes

A νA [THz] note
7 957.347 369(124)

9(NIST) 957.396 802(135) B=1.1T→0に外挿
9 957.396 515(14)

10 957.413 839(35)

11 (957.428 07(36)) 計算値

∞ 957.569 55(28) infinite mass

κ/h -1 884.5(46) diff. mass pol. para.

2 2S1/2
(G.S.)

2 2P3/2
2 2P1/2

10Be+ 9, 7Be+

313 nm
(957THz)

Δνhfs=
3/4Α

F=1

F=2

hνobs = εa − εb = hν∞ − µ

Mn
hν∞ +

µ

Mn
κ
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理論計算との比較

this work
 experiment

Chung et al.
FCPC, RVM
(1991,1993)
relativistic

Yan et al.
Hylleraas
(1998)

Yamanaka
CI(STO)
(1998)

hν∞ 0.145 524 290(42) 0.145 530 6(11) 0.145 429 884 0.145 761 9

hν∞expt-hν∞theo – -0.000 006 3(11) 0.000 094 41(4) -0.000 237 6

 κ -0.286 41(70) -0.287 5 -0.286 76 0.285 26

κexpt-κtheo – 0.001 1(7) 0.000 35(70) -0.001 15(70)

(in atomic unit)

2 2S

2 2P
hν∞：relativistic, etc.高次の補正必要
κ：Yan et al.の計算が良く合う
LiではYan et al.のrelativistic, QEDその他の補正を含んだ計算と
精密分光実験値よりField Shiftと荷電半径を導出
(PRL96, 033002(2006))

より高精度の測定と理論計算によりBeの荷電半径の導出を計画

hν∞: transition frequency of an infinite mass 
κ:differential mass polarization parameter





Conclusion

on-line trap 10Be+, 7Be+ @ He gas cooled
off-line 9Be+ @ laser cooled/He gas cooled
・2 2S1/2–2 2P3/2遷移のレーザー分光

・ヨウ素スペクトルとの比較により絶対値測定（～10-8） 
・isotope shiftの効果として以下を導出・理論と比較

differential mass polarization parameter: κ
transition energy of an infinite mass: hν∞

共鳴周波数の確認＝hfsレーザー分光への足掛かり

T.Nakamura, et al., Phys. Rev. A, accepted for publication
SLOWRIプロジェクト最初の物理の成果



今後の予定
・7Be+, 11Be+: 2 2S1/2のhfs測定（レーザー・マイクロ波共鳴分光）

Bohr-Weisskopf効果の導出→核内磁化分布（価中性子分布）
・2 2S1/2–2 2P1/2 のIS精密測定（レーザー・レーザー二重共鳴分光）

原理的により高精度の測定が可能
レーザーコムにより絶対周波数の高精度測定(~10-10目標)
field shiftの導出→核荷電半径（陽子分布）

電磁プローブによる核物質半径測定
“11Be”：中性子ハロー核構造の解明

2 2S1/2
(G.S.)

2 2P3/2
2 2P1/2


