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Halo Nuclei
extreme n/p ratios large radii

but Rmatter  ≠   Rcharge

nucleons in classically 
forbidden region 

tiny separation energies

Halo n/p
 6He 2

 8He 3

11Li 2.66

14Be 2.5

19C 2.17

12C 1

often very short-lived

Halo T1/2
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Nuclear Forces Frontiers
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Use effective degrees of freedom: p,n,pions

Effective Field Theory:  Bridges the non-perturbative low-energy regime of QCD with forces
                                      among nucleons

L =
�

k

ck

�
Q

Λb

�k

Have a systematic expansion of the Hamiltonian 
in terms of diagrams

Construct the most general Hamiltonian which is 
consistent with the chiral symmetry of QCD

Fix the short range couplings on experiment

Power counting 

k = −4 + 2N + 2L +
�

i

(di + ni/2− 2)

Halos: Benchmarks for Theory
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χEFT

pion-less EFT

coupled cluster

hyper-spherical harmonics
|ψ(�r1,�r2, . . . ,�rA)� = |ϕ(�RCM )Ψ(�η1, �η2, . . . , �ηA−1)�
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• Few-body method - uses relative coordinates  
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Hyper-spherical Harmonics 

Recursive definition of hyper-spherical coordinates 
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Motivation

Ab-initio Coupled-Cluster approach

Open-shell nuclei and CCM

Conclusion and Perspectives

SR Coupled-Cluster theory

Coupled-Cluster theory for open quantum systems

Coupled Cluster in pictures
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INT workshop 2010 Coupled-Cluster approach to nuclear structure

Λ ∼ 1
r
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Variation of the cutoff provides a tool
 to estimate the effect of  3N forces

Vlow k

Low-momentum interactions: Bogner, Kuo, Schwenk (2003) need smaller basis

Evolution of 2N forces: phase-shift equivalent

Effective field theory potentials and low-momentum evolution

Can evolve consistently 
3N forces:
Jurgenson, Navratil,  
Furnstahl, (2009)

Λ

Nuclear Forces Frontiers

H(Λ) = T + VNN (Λ) + V3N (Λ) + ...

Λ ∼ 1
r

 Like acting with a unitary transformation U-1VU still preserve phase-shifts and properties of 2N systems          

“freedom”

Λ ∼ 1
r
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Nuclear Forces Frontiers

H(Λ) = T + VNN (Λ) + V3N (Λ) + ...

Λ ∼ 1
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 Like acting with a unitary transformation U-1VU still preserve phase-shifts and properties of 2N systems          

“freedom”

renormalization: Vlow k 

Variation after Projection
Beryllium Isotopes

Thomas Neff — INT Weakly-Bound Systems, 03/12/10
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Fermionic Molecular Dynamics

3NI

1.2. Nuclear halo and nuclear models

only 2 body interaction

a) electromagnetic

3 body interaction

b) nuclear
2 body interaction and

Figure 1.9: Schematic of the interaction of three bodies due to a) the

Coulomb potential. b) the nuclear potential. The two-body interactions

between pairs of nucleons is symbolized by the black arrow. The three-body

interaction between three nucleons is symbolized by the red arrows. The

Coulomb potential is only generated from two-body interactions, while the

nuclear potential involves both two- and three-body interactions.

TITAN masses. Moreover, we go a step further than this study and also

compare the ab-initio method predictions for the binding energies with the

values calculated from the TITAN masses. By testing the ab-initio method

predictions for two different observables, one can find where the methods

limitations resides and possibly motivate improvement of the methods.

1.2.1 Nuclear potential for ab-initio methods

The interaction among nucleons forming the nucleus is governed by the

strong force and the theoretical description of the strong force is Quantum

Chromodynamics (QCD). However, QCD cannot be treated perturbatively

at the energy scales of the nucleus, which makes it a complex problem to

solve. Therefore, ab-initio methods do not use quark and gluons as their

basic constituents, but instead use nucleons. By neglecting the quark in-

teraction within the nucleons, the nucleons become the effective degrees of

freedom of the theory.

To solve the quantum mechanical nuclear many-body problem, ab-initio

methods need thus to construct a Hamiltonian and a wave function. Then,

using these constructions, one calculates various properties of nuclei by solv-

19

2NI
3-body forces

Greens Function Monte Carlo

No-Core Shell Model

Realistic Effective Interaction
Unitary Correlation Operator Method

Thomas Neff — INT Weakly-Bound Systems, 03/12/10
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4He energies obtained with the nonlocal CD-Bonn interac-
tion are closer to experiment than the predictions of local
models, but it is predicted that nuclear matter properties are
farther away.
It has been stressed by Friar !32" that the various repre-

sentations of v# are related by unitary transformations. It
should be possible to use these transformations to find the
appropriate current operators that will explain the deuteron
form factors with wave functions predicted by the nonlocal
models. These transformations will also generate three-body
forces accounting for the difference between energies ob-
tained from local and nonlocal models. Thus the deuteron
form factors do not exclude nonlocal representations of v i j .
However, it seems that the simplest realistic models of the
nuclear Hamiltonian may be obtained with local v i j , and
fortunately there is much less model dependence in these. In
the present paper we use the AV18 model of v i j ; however,
the other local models will presumably require similar Vi jk .
The two-nucleon interaction v i j depends both on the rela-

tive momentum p!(pi"pj)/2 and the total momentum P
!pi#pj of the interacting nucleons. We can express it as

v i j! ṽ i j#$v%Pi j&, %2.7&

where $v(P!0)!0. The models discussed above give ṽ i j in
the P!0, center of momentum frame. In many calculations
the ṽ i j is used as an approximation to v i j by neglecting the
boost correction $v(Pi j). In fact terms dependent on p in-
cluded in ṽ i j are of the same order as those in $v(Pi j) de-
pendent on P !33". It is essential to include the $v(Pi j) to
obtain the true momentum dependence of the v i j . For ex-
ample, the electromagnetic interaction between two charges,
as well as the analogous vector-meson-exchange interaction
between two nucleons depends upon p1•p2!(1/4)P2"p2.
The ṽ includes only the p2 term, while the P2 term is in $v .
The $v is related to ṽ and its leading term of order P2 is
given by

$v%P&!"
P2

8m2ṽ#
1
8m2 !P•rP•“ , ṽ"

#
1
8m2 !%!1"!2&$P•“ , ṽ" . %2.8&

The validity of the above equation, obtained by Friar !34", in
classical and quantum relativistic mechanics and in relativis-
tic field theory has been shown in Ref. !33".
The effects of the $v(Pi j) on the energies of 3H and 4He

!17" and nuclear matter !3" have been studied for the AV18
model using the variational method. This boost correction
gives a repulsive contribution in both cases. It increases the
triton energy by'0.4 MeV away from experiment, while the
nuclear matter equilibrium E0 and (0 move to "13.7 MeV
at 0.23 fm"3, which is closer to the empirical density, but
farther from the empirical energy. The variational Monte
Carlo %VMC& studies !17" of $v(Pi j) also show that the
dominant corrections come from the first and second terms

of Eq. %2.8& and that only the first six operator terms %the
static terms& of AV18 give substantial contributions. Accord-
ingly, we ignore the last term of Eq. %2.8& in this paper and
evaluate the first two for only the static parts of ṽ . Further-
more, it was shown that the terms arising from the deriva-
tives acting on operators in ṽ were negligible, so we do not
evaluate them here.

III. ILLINOIS MODELS OF Vijk

The Illinois Vi jk are expressed as

Vi jk!A2#
PWOi jk

2# ,PW#A2#
SWOi jk

2# ,SW#A3#
)ROi jk

3# ,)R#AROi jk
R .
%3.1&

Their four terms represent the V2# ,PW, V2# ,SW, V3# ,)R, and
VR interactions with strengths A2#

PW , A2#
SW , A3#

)R , and AR . In
the following sections we give the spin-isospin and spatial
operators associated with these interactions and the theoreti-
cal estimates of the strengths. In the older Urbana models
A2#
PW is denoted by A2# , AR by U0, and the V2# ,SW and

V3# ,)R terms are absent.

A. V2" ,PW

The earliest model of V2# ,PW is due to Fujita and
Miyazawa !11", who assumed that it is entirely due to the
excitation of the ) resonance as shown in Fig. 2%a&. Neglect-
ing the nucleon and ) kinetic energies we obtain

A2#
PW!"

2
81

f#NN
2

4#

f#N)
2

4#

m#
2

%m)"mN&
, %3.2&

Oijk
2# ,PW!*

cyc
%+Xi j ,X jk,+#i•#j ,#j•#k,# 1

4 !Xi j ,X jk"

$!#i•#j ,#j•#k" &, %3.3&

Xi j!T%m#ri j&Si j#Y %m#ri j&!i•!j , %3.4&

Y %x &!
e"x

x -Y%r &, %3.5&

T%x &!! 3x2 #
3
x #1 " Y %x &-T%r &. %3.6&

Here -Y(r) and -T(r) are short-range cutoff functions. We
note that the one-pion-exchange two-nucleon interaction
used in AV18 is given by

FIG. 2. Three-body force Feynman diagrams. The first %a& is the
Fujita-Miyazawa, %b& is two-pion S wave, %c& and %d& are three-pion
rings with one ) in intermediate states.
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Illinois potential
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• direct: binding energy , separation energies: S(2)n, Sp

• indirect:

– charge radius from atomic laser spectroscopy

Ex = Erel + S2n

dσ

dErel
∝ NE1(Ex)

dB(E1)

dErel

Masses of Halos

4
T. Nakamura et al., PRL 96, 252502 (2006)

served in the Coulomb breakup of 11Be [12], there is strong
enhancement of the 11Li breakup yield at very forward
angles. We have selected the angular region with !cm !
!cut"# 1:46$%, corresponding to b & 20 fm, where first-
order E1 Coulomb breakup dominates. The agreement
with a pure E1 excitation calculation, shown by the solid
curve, supports this assumption.

The B"E1% value is obtained, for these angle-selected
data, by using the equivalent photon method [32,33] de-
scribed by

 

d2"
d!cmdErel

# 16#3

9@c
dNE1"!cm; Ex%

d!cm

dB"E1%
dErel

; (1)

where NE1"!cm; Ex% denotes the number of virtual photons
with photon energy Ex at scattering angle !cm. Apply-
ing this relation, with the photon number integrated over
the selected angular range, the resulting B"E1% distribu-
tion is shown by the solid circles in Fig. 3. In this proce-
dure, the integration included the experimental angular
resolution of 0.44$ (1"). To obtain the photon energy Ex
(#Erel ' S2n), we adopted S2n # 300 keV from the 2003
mass evaluation [34]. Using the preliminary but more
precise value of S2n # 376( 5 keV [35], the B"E1% value
is enhanced by about 6%.

Figure 3 compares the present B"E1% distribution with
the previous three data sets. Our new result reveals sub-
stantial E1 strength that peaks at very low relative energies
around 0.3 MeV. This feature is in sharp contrast to the
previous data, which showed more reduced strength at low

energies. The present result also exhibits considerable
strength extending to the higher energy region of a few
MeV. This behavior of the B"E1% distribution leads to a
large energy-integrated B"E1% strength of 1:42(
0:18 e2 fm2 [4.5(6) Weisskopf units], for Erel ! 3 MeV,
which is the largest soft E1 strength ever observed for
atomic nuclei.

The difference of the present B"E1% distribution from
those of earlier analyses is attributed to our enhanced
sensitivity to low relative energies below Erel # 0:5 MeV
compared to previous experiments, as is indicated in the
efficiency curves of the current and GSI experiments [15]
in Fig. 1(right). Inefficiency at low relative energies was
also suggested for the previous RIKEN data where a cut for
low 9Li-n relative velocities was necessary due to non-
availability of a magnetic spectrometer at that time [14].
As for the MSU result, there is no obvious reason for
inefficiency at low relative energies, although much re-
duced efficiencies are apparent at Erel above 2 MeV, as
shown in Fig. 1(right). A possible explanation of the re-
duced strength below Erel # 0:5 MeV from the MSU data
may be the importance of higher-order effects at the lower
incident energy used, as suggested in Ref. [21]. We also
note that the second bump observed in Zinser et al. is not
seen in the spectrum with experimental significance.

In Fig. 3, the present B"E1% distribution is also compared
with a calculation using the three-body model description
of Esbensen and Bertsch [20], where the energy resolution
(1") of "E # 0:17

!!!!!!!!
Erel

p
MeV in d"=dErel is taken into

consideration. The model, which includes the two-neutron
correlations in the initial and final states, is shown to
reproduce the data very well without normalization adjust-
ment. The agreement of both the spectral shape and abso-

FIG. 3. The B"E1% distribution obtained in the present work
(solid circles) is compared with those from previous measure-
ments [dotted-dashed line [13], solid histogram [14], dashed
lines (zone) [15]]. The present data are also compared with the
calculation (solid line) [20] which included the full n-n corre-
lation.

FIG. 2. Breakup cross sections for 11Li' Pb at
70 MeV=nucleon as a function of the three-body relative energy
for data with !cm ! 5$. Inset: Angular distribution of 11Li (the
9Li' n' n c:m:) scattered by the Pb target in the range 0 !
Erel ! 4 MeV. !gr denotes the grazing angle (2.34$). The cal-
culation using the equivalent photon method is shown by the
solid curve.
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 (virtual) photon energy

Sn = m(Z,N − 1) +mn −m(Z,N)

model
independent

-  reactions: e.g. Coulomb breakup of  11Li



contribution of      significant  =>                          needed

• direct: binding energy , separation energies: S(2)n, Sp

• indirect:

– charge radius from atomic laser spectroscopy

Ex = Erel + S2n

dσ

dErel
∝ NE1(Ex)

dB(E1)

dErel

σth ≈ σexp

σm σm/m ≈ 10−7
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The past few years have seen remarkable advances in
our ability to achieve spectroscopic accuracy for the en-
ergies and transition frequencies of lithium and the lith-
iumlike ions (or more generally four-body systems). The
dominant sources of uncertainty are the higher-order quan-
tum electrodynamic (QED) corrections, rather than the
accuracy of calculations for the basic nonrelativistic en-
ergy and leading relativistic corrections. This work builds
on the much longer history of high-precision calculations
for helium and other three-body systems [1–3]. Here we
present results suitable for the interpretation of QED shifts
and isotope shifts in Li and Be!

The key to obtaining high-precision results that are
essentially exact for all practical purposes (in the sense
that hydrogenic wave functions and energies are ‘‘exact’’)
is the use of explicitly correlated variational wave func-
tions in Hylleraas coordinates. This is a specialized method
that has been fully implemented only for the two- and
three-electron cases [4–6]. The results are more accurate
by many orders of magnitude than the well-known and
generally applicable methods of atomic physics, such as
configuration interaction. The high accuracy opens the
possibility of using the results in combination with high-
precision experiments to create unique measurement tools.
A prime example is the use of the calculated isotope shift in
combination with isotope shift measurements to determine
the nuclear charge radius of short-lived halo nuclei such as
6He, 8He, and 11Li [7,8]. New experiments are in progress
at GSI [9] and at RIKEN [10] for 11Be!, where the isotope
shift in the 2 2S1=2 " 2 2PJ transitions will be used.
Another example is the testing of the higher-order relativ-
istic and QED corrections to the transition frequencies in
atomic systems more complicated than hydrogen. The
theory of these effects is still under active development
[11–13]. The Bethe logarithm that appears in the lowest-
order electron self-energy [14,15] remains one of the most
difficult parts of the calculation.

In a previous sequence of papers [1,16–19], we have
obtained high-precision results for transitions among the

2 2S1=2, 2
2PJ, and 3 2S1=2 states of lithium. More recently,

Puchalski et al. [20] have confirmed these results and
improved the accuracy of the relativistic recoil corrections.
They have also obtained a significant correction to the
isotope shift in the case of 11Li due to nuclear polarization.
In the present work, we present high-precision results for
the low-lying states of Be!. The results will form the
theoretical basis for the interpretation of the planned iso-
tope shift measurements [9,10] in terms of the nuclear
charge radius for the radioactive isotopes 7Be, 10Be, and
11Be relative to stable 9Be. The 11Be case is especially
important and interesting because it is the simplest ex-
ample of a halo nucleus containing just a single halo
neutron. We also improve our previous results for Li by
using much larger basis sets containing up to 9577 terms,
and by implementing an absolutely convergent method
[21] to eliminate numerical instabilities in the calculation
of slowly convergent integrals required for the hp4i term in
the Breit interaction. This brings our results into agreement
with those of Pachucki et al. [20] for Li.

For our purposes, the three key parameters controlling
the energy levels are !, ", and !rc, where ! is the fine
structure constant, " $ #=M % m=&m!M' is the ratio of
the reduced electron mass to the nuclear mass, and !rc is the
rms nuclear charge radius for a particular isotope. In terms
of these parameters, the theoretical contributions to the
energy levels of an atom or ion such as Be! can be
expanded in the form
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in units of !2#c2 $ !2&1" "'mc2, where the subscripts
denote the nonrelativistic energy (NR), relativistic correc-
tions (rel), quantum electrodynamic corrections (QED),
higher-order QED corrections (ho), and finite nuclear
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ergies and transition frequencies of lithium and the lith-
iumlike ions (or more generally four-body systems). The
dominant sources of uncertainty are the higher-order quan-
tum electrodynamic (QED) corrections, rather than the
accuracy of calculations for the basic nonrelativistic en-
ergy and leading relativistic corrections. This work builds
on the much longer history of high-precision calculations
for helium and other three-body systems [1–3]. Here we
present results suitable for the interpretation of QED shifts
and isotope shifts in Li and Be!

The key to obtaining high-precision results that are
essentially exact for all practical purposes (in the sense
that hydrogenic wave functions and energies are ‘‘exact’’)
is the use of explicitly correlated variational wave func-
tions in Hylleraas coordinates. This is a specialized method
that has been fully implemented only for the two- and
three-electron cases [4–6]. The results are more accurate
by many orders of magnitude than the well-known and
generally applicable methods of atomic physics, such as
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nuclide  yield [1/s] T1/2

6He 2.00E+07 807 ms
8He 49000 119 ms
11Li 15000 8.8 ms
11Be 1.90E+06 13.8 s

collinear LS: see E. Mané poster #523
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W. Nörtershäuser et al.(GSI)
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with excitation taking place at the center of a doubly-
resonant optical enhancement cavity (!100" ) built
around the QMS source region. The Ti:sapphire laser that
excites the 2s ! 3s two-photon transition is beat-
frequency servo locked to an I2 hyperfine line stabilized
diode laser. As previously described [8], measurements on
11Li (and the other isotopes) were interspersed with mea-
surements on 6Li, which served as the experimental refer-
ence, and measured optical powers were used to correct for
calibrated ac-Stark shifts.

Figure 1 shows a typical 11Li spectrum. Twenty-four
such spectra were obtained over six days of beam time.
With nuclear spin I # 3=2, the 2S1=2 states have F # 1; 2
hyperfine components, which obey the two-photon selec-
tion rule !F # 0 for an s ! s transition. All Li isotopes
have nuclear spin and exhibit similar doublets: Isotope
shifts are taken with respect to the center of gravities of
the two hyperfine lines for each isotope. Results for all
isotopes, relative to 7Li, are given in Table I. Values for
6;8;9Li are in good agreement with our previous measure-
ments [8], but with improved precision. The 6Li isotope
shift was also determined earlier with a different technique
as $11 453 734%30& kHz [10]; this is significantly different
from our current measurements (!5 times the combined
uncertainties), and is attributed to unaccounted systematic
errors in the prior interferometric measurements [10], as
compared to the current frequency-based determinations.
The isotope shift for the halo nucleus 11Li is a first-time
measurement.

Successful determination of changes in rc from the
isotope shift measurements depends critically on the com-
bined accuracy of theory and experiment.

On the theoretical side, the quantum mechanical many-
body problem must be solved to high accuracy in the
nonrelativistic limit, and then the effects of relativity and
quantum electrodynamics are included with perturba-

tion theory. In the past, theoretical results with laser-
spectroscopic accuracy were not available for atoms
more complicated than helium, even in the nonrelativistic
limit. This problem is now solved by variational methods
involving correlated basis sets with multiple distance
scales [6]. The resulting electron wave functions are used
to calculate the various contributions to the mass shift,
listed for 7;11Li in Table II. A recent first calculation [7]
of the mass polarization correction to the Bethe logarithm
part of the electron self-energy has significantly reduced
uncertainty in the QED contribution; overall calculation
uncertainty is now limited by the relativistic recoil term of
order !2%"=M&.

The total in Table II is the calculated mass-based com-
ponent of the isotope shift; corresponding shifts for all
isotopes are obtained directly from coefficients given in
Table III of Ref. [7] and are listed in Table I. Differences
from measured isotope shifts are then attributed to the
nuclear volume effect and are related to rc of the two
isotopes by

#$A;7
IS;exp $ #$A;7

IS;MS #
Ze2

3@ 'r2c%ALi& $ r2c%7Li&(%h#%ri&i3s

$ h#%ri&i2s&

# $1:5661
MHz

fm2 'r2c%ALi& $ r2c%7Li&(;
(2)

where Ze is the nuclear charge and h#%ri&i are expectation
values for electron density at the nucleus in the respective
states [6].

Optical isotope shift measurements provide only the
change in the rms nuclear charge radius between two
isotopes. Absolute charge radii rc must be referenced to
at least one isotope that is determined with a different
technique. For the stable 6;7Li isotopes, rc have been

FIG. 1. Resonances in the 2s ! 3s transition of 11Li as a
function of the beat frequency between the Ti:sapphire laser
and the reference diode laser. Error bars are simple counting
statistics on the number of observed ion counts.

TABLE I. Isotope shifts measured at TRIUMF (this work) and
GSI [8] [avg # weighted mean] compared with theoretical mass
shifts for 7Li-ALi in the 2s 2S1=2 ! 3s 2S1=2 transition.
Uncertainties for rc are dominated by uncertainty in the refer-
ence radius rc%7Li& # 2:39%3& fm [9].

Isotope Isotope Shift,
kHz

Mass Shift,
kHz

rc, fm

6Li TRIUMF $11 453 984%20&
GSI $11 453 950%130&
avg $11 453 983%20& $11 453 010%56& 2.517(30)

8Li TRIUMF 8 635 781(46)
GSI 8 635 790(150)
avg 8 635 782(44) 8 635 113(42) 2.299(32)

9Li TRIUMF 15 333 279(40)
GSI 15 333 140(180)
avg 15 333 272(39) 15 332 025(75) 2.217(35)

11Li TRIUMF 25 101 226(125)a 25 101 812(123) 2.467(37)

a68 kHz statistical )57 kHz systematic from ac-Stark shift
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transitions in Be! are C"2 2P# 2 2S$ % 16:912 MHz=fm2

and C"3 2S# 2 2S$ % 10:376 MHz=fm2.
Turning now to the fine structure splittings, the splitting

isotope shift (SIS) provides an important consistency check
on the experimental data because the theoretical value is
nearly independent of both QED and nuclear volume ef-
fects, but there remain serious disagreements between
theory and experiment. The best studied example is the
isotope shift in the 2 2P3=2 # 2 2P1=2 splitting, where the
predicted value is larger in 7Li than in 6Li by 0.396 MHz
(from Table IV), but there is a large amount of scatter in the
experimental values. The two most recent measurements
yield #0:863"79$ MHz [30] and !0:155"77$ MHz [31], in
clear disagreement with each other, and with theory. The
predicted SIS for 11Be! relative to 9Be! is 3.878 MHz. The
planned isotope shift measurements for Be! at ISOLDE
will provide an important new opportunity to measure the
SIS and compare with theory.

In summary, this Letter sets a new standard of accuracy
for the comparison between theory and experiment for
transition frequencies of Be!, and it establishes the theo-
retical framework needed to interpret isotope shifts in
terms of the nuclear charge radius of the single-neutron
halo isotope Be!. It seems likely that the calculated ion-
ization energy of 9Be! is more accurate than the experi-
mental value by an order of magnitude. However, there
remains a significant problem in case of the SIS for lithium,
where the experimental values do not agree with each other
or with theory. Further measurements in Be! may help to
resolve the discrepancy.
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TABLE IV. Calculated isotope shift parameter !!"0$
B#A for

various transitions in Li and Be!. Units are MHz.

Isotopes 2 2P1=2 # 2 2S 2 2P3=2 # 2 2S 3 2S# 2 2S

7Li# 6Li #10 532:111"6$ #10 532:506"6$ #11 452:821"2$
7Li# 8Li 7940.627(5) 7940.925(5) 8634.989(2)
7Li# 9Li 14 098.840(14) 14 099.369(14) 15 331.799(13)
7Li# 11Lia 23 082.642(24) 23 083.493(24) 25 101.470(22)
9Be# 7Be #49 225:765"19$ #49 231:814"19$ #48 514:03"2$
9Be# 10Be 17 310.44(6) 17 312.57(6) 17 060.56(6)
9Be# 11Be 31 560.01(6) 31 563.89(6) 31 104.60(6)

aIncludes nuclear polarization corrections [20] of 62 kHz for the
2 2PJ # 2 2S transitions, and 39 kHz for the 3 2S# 2 2S
transition.
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with excitation taking place at the center of a doubly-
resonant optical enhancement cavity (!100" ) built
around the QMS source region. The Ti:sapphire laser that
excites the 2s ! 3s two-photon transition is beat-
frequency servo locked to an I2 hyperfine line stabilized
diode laser. As previously described [8], measurements on
11Li (and the other isotopes) were interspersed with mea-
surements on 6Li, which served as the experimental refer-
ence, and measured optical powers were used to correct for
calibrated ac-Stark shifts.

Figure 1 shows a typical 11Li spectrum. Twenty-four
such spectra were obtained over six days of beam time.
With nuclear spin I # 3=2, the 2S1=2 states have F # 1; 2
hyperfine components, which obey the two-photon selec-
tion rule !F # 0 for an s ! s transition. All Li isotopes
have nuclear spin and exhibit similar doublets: Isotope
shifts are taken with respect to the center of gravities of
the two hyperfine lines for each isotope. Results for all
isotopes, relative to 7Li, are given in Table I. Values for
6;8;9Li are in good agreement with our previous measure-
ments [8], but with improved precision. The 6Li isotope
shift was also determined earlier with a different technique
as $11 453 734%30& kHz [10]; this is significantly different
from our current measurements (!5 times the combined
uncertainties), and is attributed to unaccounted systematic
errors in the prior interferometric measurements [10], as
compared to the current frequency-based determinations.
The isotope shift for the halo nucleus 11Li is a first-time
measurement.

Successful determination of changes in rc from the
isotope shift measurements depends critically on the com-
bined accuracy of theory and experiment.

On the theoretical side, the quantum mechanical many-
body problem must be solved to high accuracy in the
nonrelativistic limit, and then the effects of relativity and
quantum electrodynamics are included with perturba-

tion theory. In the past, theoretical results with laser-
spectroscopic accuracy were not available for atoms
more complicated than helium, even in the nonrelativistic
limit. This problem is now solved by variational methods
involving correlated basis sets with multiple distance
scales [6]. The resulting electron wave functions are used
to calculate the various contributions to the mass shift,
listed for 7;11Li in Table II. A recent first calculation [7]
of the mass polarization correction to the Bethe logarithm
part of the electron self-energy has significantly reduced
uncertainty in the QED contribution; overall calculation
uncertainty is now limited by the relativistic recoil term of
order !2%"=M&.

The total in Table II is the calculated mass-based com-
ponent of the isotope shift; corresponding shifts for all
isotopes are obtained directly from coefficients given in
Table III of Ref. [7] and are listed in Table I. Differences
from measured isotope shifts are then attributed to the
nuclear volume effect and are related to rc of the two
isotopes by

#$A;7
IS;exp $ #$A;7

IS;MS #
Ze2

3@ 'r2c%ALi& $ r2c%7Li&(%h#%ri&i3s

$ h#%ri&i2s&

# $1:5661
MHz

fm2 'r2c%ALi& $ r2c%7Li&(;
(2)

where Ze is the nuclear charge and h#%ri&i are expectation
values for electron density at the nucleus in the respective
states [6].

Optical isotope shift measurements provide only the
change in the rms nuclear charge radius between two
isotopes. Absolute charge radii rc must be referenced to
at least one isotope that is determined with a different
technique. For the stable 6;7Li isotopes, rc have been

FIG. 1. Resonances in the 2s ! 3s transition of 11Li as a
function of the beat frequency between the Ti:sapphire laser
and the reference diode laser. Error bars are simple counting
statistics on the number of observed ion counts.

TABLE I. Isotope shifts measured at TRIUMF (this work) and
GSI [8] [avg # weighted mean] compared with theoretical mass
shifts for 7Li-ALi in the 2s 2S1=2 ! 3s 2S1=2 transition.
Uncertainties for rc are dominated by uncertainty in the refer-
ence radius rc%7Li& # 2:39%3& fm [9].

Isotope Isotope Shift,
kHz

Mass Shift,
kHz

rc, fm

6Li TRIUMF $11 453 984%20&
GSI $11 453 950%130&
avg $11 453 983%20& $11 453 010%56& 2.517(30)

8Li TRIUMF 8 635 781(46)
GSI 8 635 790(150)
avg 8 635 782(44) 8 635 113(42) 2.299(32)

9Li TRIUMF 15 333 279(40)
GSI 15 333 140(180)
avg 15 333 272(39) 15 332 025(75) 2.217(35)

11Li TRIUMF 25 101 226(125)a 25 101 812(123) 2.467(37)

a68 kHz statistical )57 kHz systematic from ac-Stark shift
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transitions in Be! are C"2 2P# 2 2S$ % 16:912 MHz=fm2

and C"3 2S# 2 2S$ % 10:376 MHz=fm2.
Turning now to the fine structure splittings, the splitting

isotope shift (SIS) provides an important consistency check
on the experimental data because the theoretical value is
nearly independent of both QED and nuclear volume ef-
fects, but there remain serious disagreements between
theory and experiment. The best studied example is the
isotope shift in the 2 2P3=2 # 2 2P1=2 splitting, where the
predicted value is larger in 7Li than in 6Li by 0.396 MHz
(from Table IV), but there is a large amount of scatter in the
experimental values. The two most recent measurements
yield #0:863"79$ MHz [30] and !0:155"77$ MHz [31], in
clear disagreement with each other, and with theory. The
predicted SIS for 11Be! relative to 9Be! is 3.878 MHz. The
planned isotope shift measurements for Be! at ISOLDE
will provide an important new opportunity to measure the
SIS and compare with theory.

In summary, this Letter sets a new standard of accuracy
for the comparison between theory and experiment for
transition frequencies of Be!, and it establishes the theo-
retical framework needed to interpret isotope shifts in
terms of the nuclear charge radius of the single-neutron
halo isotope Be!. It seems likely that the calculated ion-
ization energy of 9Be! is more accurate than the experi-
mental value by an order of magnitude. However, there
remains a significant problem in case of the SIS for lithium,
where the experimental values do not agree with each other
or with theory. Further measurements in Be! may help to
resolve the discrepancy.
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TABLE IV. Calculated isotope shift parameter !!"0$
B#A for

various transitions in Li and Be!. Units are MHz.

Isotopes 2 2P1=2 # 2 2S 2 2P3=2 # 2 2S 3 2S# 2 2S

7Li# 6Li #10 532:111"6$ #10 532:506"6$ #11 452:821"2$
7Li# 8Li 7940.627(5) 7940.925(5) 8634.989(2)
7Li# 9Li 14 098.840(14) 14 099.369(14) 15 331.799(13)
7Li# 11Lia 23 082.642(24) 23 083.493(24) 25 101.470(22)
9Be# 7Be #49 225:765"19$ #49 231:814"19$ #48 514:03"2$
9Be# 10Be 17 310.44(6) 17 312.57(6) 17 060.56(6)
9Be# 11Be 31 560.01(6) 31 563.89(6) 31 104.60(6)

aIncludes nuclear polarization corrections [20] of 62 kHz for the
2 2PJ # 2 2S transitions, and 39 kHz for the 3 2S# 2 2S
transition.
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mass shifts

rc (11Li) = 2.423(17)(30) fm

reference rc

mass: MISTRAL (2005)

rc (11Li) = 2.465(19)(30) fm

mass: AME‘03

! need mass !

δνA,A� = δMSA,A� +KFSδ < r2c >A,A�
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A typical 11Li resonance is shown in Fig. 2. The data
were analyzed following as closely as possible the well
established procedure of the ISOLTRAP experiment [16]
and the central frequency was found from a fit of the
theoretical line shape (as illustrated) [18]. To obtain this
resonance an excitation time of two half-lifes (18 ms) was
used. The theoretical line width of the 11Li resonance is
given as ! ! 1=Trf ¼ 56 Hz. The resonance shown in
Fig. 2 has a line width of approximately 60 Hz which is
close to this theoretical limit. Measurements of the masses
of 8;9Li were also made, using a 48 ms excitation time. The
results for the frequency ratios for these lithium isotopes
are shown in Table I. From these ratios new values for the
mass excess of these isotopes were derived using the recent
SMILETRAP measurement of the mass excess of 6Li,
!ð6LiÞ ¼ 14 086:882ð37Þ keV [24]. The quoted values in-
clude a systematic error which takes into account both
linear (!m=m ¼ 2% 10&9) and nonlinear (!m=m ¼ 7%
10&9) drifts of the magnetic field which where added in
quadrature to the statistical uncertainty. The effects of
deviations from the ideal electric and magnetic fields
were also explicitly probed by measurement of a range of
nuclei (4<m< 39 u), with respect to 6Li, in all cases
agreement, within error bars, was obtained between the
TITAN measurements and the literature values [see
Fig. 1(b)]. An upper limit on these effects was then derived
from the uncertainty in the TITAN measurements as
!m=m ¼ 1:5% 10&9 per mass unit difference between

the measured and reference ions (i.e., 7:5% 10&9 for
11Li). This was added linearly into the final error budget.
Using these mass measurements the two-neutron sepa-

ration energy, S2n, of
11Li was calculated to be 369.15

(65) keV. Figure 3 shows this new value along with those
calculated from all previous mass measurements of 11Li.
The value from CERN-PS [25] was obtained using a
magnetic dipole mass spectrometer. The TOFI-LANL
[26] result is a time-of-flight measurement of a fragmented
beam using an isochronous mass spectrometer. The KEK
[27] result is a 11Bð"&;"þÞ11Li reaction Q value and the
MSU [28] result is derived from the Q value of the
14Cð11B; 11LiÞ14O reaction. The previous best result was
achieved at ISOLDE by the transmission spectrometer
MISTRAL [29]. The MAYA experiment (also carried out
at TRIUMF) used an active target to study the 11Liðp; tÞ9Li
reaction [30]. The new 9Li value can be seen to be ten
times more accurate than the literature value and both the
values for 8;9Li show good agreement with previous
measurements.
Although in good agreement with the TOFI-LANL and

KEK results the MISTRAL measurement shows over two
sigma deviation from the MSU result. Analysis of recent
measurements of both the soft-dipole excitation, via in-
variant mass spectrometry, and the charge radius, via iso-
tope shifts, of 11Li requires the mass. However, due to this
uncertainty in the mass the invariant mass spectrometry
data were analyzed using the AME03 value whereas the
isotope-shift measurements used the MISTRAL result. It
was reported in [8] that using the MISTRAL result for the
11Li mass would enhance the total E1 strength by 6%.
Using the AME mass value for 11Li (11:043 798ð21Þ u)
in the analysis of the isotope-shift measurement results in a
charge radius of 2.465(19)(30) fm, where the first uncer-
tainty comes from the isotope-shift measurement, and the
second from the 7Li reference radius of 2.39(3) fm [31].

TABLE I. Frequency ratios, r ¼ #ref=#c, for
8;9;11Li and the

derived mass excesses, !. Also shown are the AME03 values for
the mass excesses for comparison [23]. The 8Li literature value is
derived by adding the average Q value for the 7Liðn;$Þ8Li
reaction (as given in [23]) to the recent SMILETRAP measure-
ment of the mass of 7Li [24].

Isotope r !TITAN (keV) !Lit (keV)

8Li 1:333 749 862ð18Þ 20 945.80(11) 20 945.799(65)
9Li 1:500 728 256ð34Þ 24 954.91(20) 24 954.3(19)
11Li 1:836 069 26ð11Þ 40 728.28(64) 40 797(19)

FIG. 3 (color online). 11Li two-neutron separation energies
derived from previous mass measurements: CERN-PS [25];
TOFI-LANL [26]; KEK [27]; MSU [28]; MISTRAL-ISOLDE
[29]; MAYA [34] and TITAN [this work]. All shown with respect
to the 2003 atomic mass evaluation [23]. The second gray line
shows the weighted average of all the values (which is essentially
identical to the TITAN result). The three most recent results are
shown inset on an expanded scale for better comparison.

FIG. 2 (color online). A typical 11Li resonance collected over
30 min, containing approximately 1000 ions. Here #c ¼
5 147 555 Hz. The solid line is a fit of the theoretical curve
[18] to the data.

PRL 101, 202501 (2008) P HY S I CA L R EV I EW LE T T E R S
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11Li
Reference Mass [u]

AMEÊ03 11.043 798(21)

MISTRAL 2005 11.043 715 7(54)

TITAN 2007 11.043 723 61 (69)

rc (11Li) =
2.427(16)(30) fm

eliminates mass as source of uncertainty!

Comparison with Theory:

➡ NCSM (INOY): 11Li is unbound

➡ SVMC: unfrozen core yields better agreement

=>core is deformed by presence of valence neutrons

K. Varga, Y. Suzuki, R. G. Lovas, PRC 66, 041302(R) (2002)

Forssén et al., PRC 79,021303(R) (2009)
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rately for the different fine structure levels 3PJ. The isotope
shift for the 2 3S1 ! 3 3P2 transition in 6He agrees with the
previously published value of 43 194.772(33) MHz [4]
within the quoted statistical uncertainties. The isotope shift
values for the different transitions in 6He show variations
by 250 kHz, as predicted by the atomic theory calculations.
The extracted field shifts for all three transitions agree well
within statistical uncertainties. This is a valuable consis-
tency test for atomic theory as well as a check for a class of
systematic errors in the experiment, since the strengths of
these three transitions vary by a factor of up to 5. Hence,
the field shifts over all three transitions in 6He were aver-
aged as independent measurements, and likewise for the
two transitions observed in 8He.

The final field shift results for both isotopes are listed in
Table II along with the contributions from statistical and
systematic uncertainties. Besides photon counting statis-
tics, there are two additional random effects: the frequency
drift of the reference laser and variations in the power-

dependent frequency shift due to small drifts in the probing
laser alignment. Both lead to significant scattering of the
results during the roughly 2 hour integration time needed
for each 8He measurement, but are insignificant in the case
of 6He. A significant systematic uncertainty is caused by
Zeeman shifts that might have varied among isotopes if the
atoms were not located exactly at the zero B-field position
of the MOT. Limits on this effect are set conservatively at
!30 kHz for the 6He-4He isotope shift, and !45 kHz for
8He-4He. Moreover, two corrections are applied to the
measured isotope shifts as listed in Table II: photon recoil
and nuclear polarization. The first was trivially and accu-
rately calculated. The latter depends on the nuclear polar-
izability, which was extracted from measurements of the
electric dipole strength [10,11]. The uncertainty in the
nuclear mass enters as an additional systematic effect via
the theoretical mass shift. This effect is the single biggest
contribution to the final uncertainty for 8He, but plays only
a minor role for 6He. Improved mass measurements for
both isotopes are in preparation, using Penning trap mass
spectrometry [12].

Table III lists the final results for the difference in the
mean-square charge radius of 6He and 8He relative to 4He,
which follow directly from the field shift using KFS "
1:008 fm2=MHz from atomic theory [5]. The absolute
charge radii for both isotopes are based on a value of
1.676(8) fm for the 4He charge radius [7]. For a compari-
son of our results on rms charge radii hr2i1=2ch to the rms
point-proton radii hr2i1=2pp , typically quoted by theoretical
papers, the relation hr2ipp " hr2ich # hR2

pi# 3
4M2

p
# N

Z hR2
ni

was used, which takes into account contributions from the
mean-square charge radii of the proton and neutron [with
hR2

pi " 0:769$12% fm2 and hR2
ni " #0:1161$22% fm2 [13] ]

and the Darwin-Foldy term 3
4M2

p
" 0:033 fm2 [14]. The

effects of nuclear spin-orbit interaction and meson ex-
change currents, expected to be on the order of or below
the experimental uncertainties, are not taken into account
and will require further theoretical investigation.

The experimental rms point-proton radii from this
work are plotted in Fig. 3 along with matter radii (i.e.,
point-nucleon radii) extracted from strong interaction
cross section measurements [3,15,16]. While the latter
are model dependent, different methods give consistent
matter radii. The matter radius for 4He should be the
same as the indicated point-proton radius. Also given in

TABLE II. Statistical and systematic uncertainties and correc-
tions on the combined results for the field shifts of 6He and 8He
relative to 4He. All values are in MHz.

6He 8He
Value Error Value Error

Statistical
Photon counting 0.008 0.032
Probing laser alignment 0.002 0.012
Reference laser drift 0.002 0.024

Systematic
Probing power shift 0.015
Zeeman shift 0.030 0.045
Nuclear mass 0.015 0.074

Corrections
Recoil effect 0.110 0.000 0.165 0.000
Nuclear polarization #0:014 0.003 #0:002 0.001

!"FS
A;4 combined #1:478 0.035 #0:918 0.097

TABLE III. Relative and absolute charge radii for all particle-
stable helium isotopes. The absolute 3He radius is calculated
with the relative value from Ref. [6] and the absolute 4He value
from Ref. [7]. Values for 6He and 8He are from this work.

3He 4He 6He 8He

!hr2iA;4, fm2 1.059(3) – 1.466(34) 0.911(95)

hr2i1=2ch , fm 1.967(7) 1.676(8) 2.068(11) 1.929(26)

TABLE I. Weighted averages of the experimental isotope
shifts !"A;4 (including recoil correction) for the different tran-
sitions in 6He and 8He. The field shift !"FS

A;4 " KFS!hr2iA;4 was
calculated for each transition using the listed theoretical mass
shift values !"MS

A;4 . All values are in MHz. The errors given in
parentheses for !"A;4 and !"FS

A;4 include only statistical uncer-
tainties.

Transition !"A;4 !"MS
A;4 !"FS

A;4

6He 2 3S1 ! 3 3P0 43 194.740(37) 43 196.204 #1:464$37%
2 3S1 ! 3 3P1 43 194.483(12) 43 195.943 #1:460$12%
2 3S1 ! 3 3P2 43 194.751(10) 43 196.217 #1:466$10%

8He 2 3S1 ! 3 3P1 64 701.129(73) 64 701.999 #0:870$73%
2 3S1 ! 3 3P2 64 701.466(52) 64 702.409 #0:943$52%

PRL 99, 252501 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
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P. Mueller et al., PRL 99, 252501 (2007)

6He and 8He

•Argonne  Lab / GANIL

•LS in MOT

all in MHz

mass: dominating uncertainty

W. Nörtershäuseret al., PRL 102, 062503 (2009)

11Be:

•GSI
collinear LS

• SLOWRI @ RIKEN
laser cooled ions
in trap

trapped and cooled ions in a Paul trap have been proposed
for the D1 line [15] and first results in the D2 line were
reported [16]. However, these measurements have not yet
reached the accuracy required to extract the field shift.

We have developed a technique to determine the optical
transition frequencies in collinear laser spectroscopy and
used it for on-line measurements on 7;9;10;11Be. The radio-
active isotopes were produced at ISOLDE (CERN) with a
1.4 GeV proton beam impinging on a uranium carbide
target. Beryllium atoms were ionized with the laser ion
source (RILIS). After extraction, acceleration to 50 kVand
mass separation, the ions were delivered to the collinear
laser spectroscopy setup [17]. This has been used for
isotope-shift measurements on many elements down to
neon (Z ¼ 10) [18]. However, for very light elements the
systematic uncertainties caused by the measurement of the
acceleration voltage exceed the nuclear-volume effect.
Now, we can overcome these limitations employing a
frequency comb and measuring the absolute transition
frequencies !p for parallel and !a for antiparallel geometry
of ion and laser beams. This yields the rest frame frequency
!0 independently of the acceleration voltage via the rela-
tivistic formula !2

0 ¼ !p!a.
A schematic layout of the setup and the laser system is

shown in Fig. 1. The ion beam is superimposed with the co-
and counterpropagating laser beams by an electrostatic 10"

deflector. The laser beams enter and leave the beam line
through a pair of Brewster windows. Two adjustable irises
and additional fixed-size apertures with diameters down to
5 mm are used along the beam line to ensure good overlap
and to avoid stray light in the optical detection region.
Doppler tuning is performed by changing the potential of
the detection region in the range of #10 kV. Two photo-
multipliers are used for resonance fluorescence detection.

The output of two dye lasers was frequency doubled to
produce ultraviolet light at 313 nm and the UV beams were
well collimated over a distance of about 8 m with a beam
diameter of about 3–4 mm, well adapted to the ion beam

size. To avoid strong optical pumping and saturation broad-
ening of the induced transitions, the UV light was attenu-
ated to less than 5 mW. The fundamental light at 626 nm
for collinear and anticollinear excitation was frequency
stabilized in different ways. One of the dye lasers was
locked to an iodine line using frequency modulation satu-
ration spectroscopy, while the second one was locked to a
frequency comb (Menlo Systems FC1500). During the
beam time, the frequency of the iodine-locked laser was
repeatedly measured with the frequency comb. In total, 12
different iodine lines were used and their frequencies
measured with standard deviations on the order of
20 kHz. The Rb clock that was used as a reference oscil-
lator for the frequency comb introduces an additional
systematic uncertainty of about 350 kHz. However, this
contribution cancels out for the isotope shifts in which
frequency differences are evaluated.
Measurements were performed with the frequency of the

collinear laser locked to a suitable iodine line. The voltage
of the detection region was tuned to record the hyperfine-
structure pattern of the collinear excitation. Then, the
frequency of the anticollinear dye laser was locked to the
frequency comb and its frequency chosen such that the
resonance pattern was covered by the same voltage range.
Repetitive scanning was performed by tuning the voltage

Anticollinear Frequency
Doubler

Collinear
Frequency

Doubler

Be
Beam

+

Photomultiplier Signal

RetardationSteering

Fiber

Servo

Servo

I2

Deflector

Shutter

Shutter

sirIIris

FIG. 1. Setup for collinear laser spectroscopy with parallel and
antiparallel excitation and a frequency comb for reference.

FIG. 2 (color online). Fluorescence spectra for 9;10;11Beþ in the
2s1=2 ! 2p1=2 transition as a function of the Doppler-tuned
frequency in collinear (left) and anticollinear (right) excitation.
Frequencies are given relative to the respective hyperfine-
structure center of gravity for the odd isotopes and the resonance
frequency for 10Be. Solid lines are fitting results for Voigt
profiles as discussed in the text.
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δm=6.4 keV (AMEÊ03)

A. Takamine et al., Eur. Phys. J. A 42, 369 (2009)
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Fig. 6. OODR spectra of 2 2S1/2 → 2 2P3/2 transition for
7,9,11Be+.
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Fig. 8. Microwave resonance spectrum of 11Be+.

Table 1. Present status of the isotope shifts measurements for
Be isotopes. The relative accuracies for the S-P transition fre-
quencies, the magnetic hyperfine constant A, and the nuclear
magnetic moments µI taken from published data are listed.
The status symbols stand for C: completed, D: data taking, A:
analyzing, P: preparing.

Isotope S-P A µI

7Be 1 × 10−7 A 5 × 10−7 C P
9Be 1 × 10−8 A 2 × 10−12 C 3 × 10−6 C
10Be 4 × 10−8 D – –
11Be A A 5 × 10−4 P

not have hyperfine splittings. We will also measure the
2 2S1/2-2 2P1/2 transition for all possible isotopes.

The ground-state hyperfine splittings of 7Be+ has been
measured by LMDR spectroscopy (fig. 7) and the mag-
netic hyperfine constant was determined to be A7 =
−742.77228(43)MHz [10]. From the hyperfine constant,
the nuclear magnetic moment of 7Be was also deduced,
within the uncertainty due to the hyperfine anomaly, to
be µI(7Be) = −1.39928(1)µN. A similar experiment has
been performed for 11Be. Figure 8 is a microwave reso-
nance spectrum of 11Be+ ions. The analysis of the data is
in progress and the result will be reported soon.

Table 1 summarizes the present status of the iso-
tope shift measurements for Be isotopes. Our previous
measurements of the S-P transition frequencies under
buffer-gas-cooled conditions [9] were not sufficient to de-
duce the charge radii. Present experiments will provide rel-
ative accuracies of better than 10−9 or absolute accuracies
of sub-MHz which will allow us to determine the charge
radii of Be isotopes. For the magnetization radii, measure-
ments of the hyperfine constants have been completed for
all odd Be isotopes. However, the nuclear magnetic mo-
ments should be measured more accurately. We deduced
the magnetic moment of 7Be, however, the value obtained
from the hyperfine constant cannot be used for the hyper-
fine anomaly. The magnetic moment of 11Be was measured
by the β-NMR method at ISOLDE [20], however, the rel-
ative accuracy of 5 × 10−4 is not sufficient to deduce the
hyperfine anomaly. We have prepared a combined trap for
measurements of the nuclear magnetic moments as well
as the hyperfine constants with relative accuracies better
than 10−6 [18].
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M. Brodeur et al., in prep.V. L. Ryjkov et al., PRL 101,  012501 (2008)

2nd 8He mass meas.1st 8He mass meas. 6He mass meas.

New masses (M.E.=m-A)

 1.7σ
 4.0σ

4.2. Second
8
He and the

6
He mass measurements

Figure 4.1:
6
He (left) and

8
He (right) time-of-flight resonance spectra. Also

shown are the half-life of these species and the relative statistical uncertainty

on the fitted cyclotron frequency.

value from [Nag06] as
6
Li mass (see table 4.2) and using equation (2.49),

we determined the
8
He mass as 8.033 935 669(722) u with a corresponding

mass excess of 31 610.872(673) keV. This is within the given error bar but is

110 eV more massive than the result presented in [Ryj08], which used a
6
Li

mass based on the weighted mean of the masses from [Nag06] and [Hea01].

4.2 Second
8
He and the

6
He mass measurements

A
6
He and a second

8
He mass measurement was performed in May and June

2008. The beam was produced and ionized using the same technique as for

the first
8
He mass measurement, except a higher proton current of 80 µA

was used. The cyclotron frequency measurements performed in May where

done with a 37 keV beam energy, while the beam energy in June was 20 keV.

Similar transmission efficiency of the
20

Ne pilot beam through the RFQ as

for the first
8
He mass measurements were seen.

This series of measurements includes 12
6
He and 17

8
He frequency ratios

determination using
7
Li as the calibrant. Time-of-flight resonance spectra

of both species are shown in figure 4.1. All the measurements are shown in

figure 4.2 and sorted according to the Lorentz steerer voltage used in order

to apply different relativistic corrections on them. This is because different

steering voltages lead to a change of the ion velocity in the trap and therefore

different relativistic effect. The first four
8
He measurements with Lorentz

109
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Charge radius Binding energy 2n separation energy

6He

6He

8He

6He

8He

8He

➡ GFMC: 3N -forces essential
similar conclusion also made for

•hyper-spherical harmonics expansion (6He)

•Coupled Cluster (8He)

➡NCSM (CDB2k): 8He is unbound: lack of 3N ? Gaussian fall-off in wave-fn?

S. Bacca et al., Eur. Phys. J. A 42, 553 (2009)

E. Caurier et al, PRC 73, 021302(R), (2006); P. Navrátil et al., J. Phys. G: Nucl. Part. Phys. 36, 083101 (2009)

S.C. Pieper, Nucl. Phys. A 751,516 (2005)
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R. Ringle et al., PLB 675, 170 (2009)

⇒confirms AME & improves precision

⇒uncertainty of mass negligible for rc

➡ NCSM: 11Be is unbound

➡ FMD: good agreement for both 

               phenomenological potential mimicking 3N forces

B.R. Torabi, Ph.D. thesis, TU Darmstadt (2010) 

Forssén et al., PRC 79,021303(R) (2009) ; Quaglioni et al., PRL 101, 092501 (2008)
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R. Kanungo et al., Phys. Lett. B682, 391 (2010)

11Be(d,p) @ TRIUMF:
• spec. factor for 2nd 0+

• together with small Sneff

⇒ neutron halo-like structure ?

Sneff = Sn - E*

g.s. mass
S. Shimoura et al., Phys. Lett. B654, 87 (2007)
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FMD 
prediction

known to 1 keV

S. ETTENAUER et al. PHYSICAL REVIEW C 81, 024314 (2010)

is floated to high voltage. The ions are confined in the radial
direction by an electric quadrupolar rf field and axially by a
potential minimum formed by a dc gradient. Through collision
with a He buffer gas, the ions are cooled before they are
extracted in bunches from the RFQ. A pulsed drift tube brings
the ions to ground potential with a kinetic energy of 2 keV.
The cooled and bunched ions are transferred directly from
the RFQ to the measurement Penning trap. A homogeneous,
axial 3.7 T magnetic field and a harmonic potential from a
hyperbolic electrode structure establish the confinement in
the Penning trap, resulting in three ion eigenmotions [25–27].
The magnetron and reduced cyclotron motions with respective
frequencies ν− and ν+ are in the radial direction and are
related to the cyclotron frequency νc = (1/2π )(q/m)B via
νc = ν+ + ν−. This equation only holds exactly for an ideal
trap. For a real Penning trap, frequency shifts are induced by
the misalignment of the magnetic field with the trap axis and
by harmonic distortions of the electric field [28,29]. These
frequency shifts have been studied for TITAN’s measurement
Penning trap [30] and are well below the precision of the
present measurement. Through the application of an electric
quadrupolar rf field at the frequency νrf the radial eigenmotions
can be coupled [27]. By applying νrf = νc at a constant product
of amplitude Arf and excitation time Trf of the rf, an initial
magnetron motion can be fully converted into a reduced
cyclotron motion and vice versa. According to ν+ " ν−, this
results in a significant change in an ion’s kinetic energy. In
the time-of-flight resonance detection technique [27,31], ions
initially on magnetron motion trajectories are excited by such
an rf field. Changes in the kinetic energy are observed by
a reduction of the time of flight (TOF) to a microchannel
plate (MCP) detector after the ions are ejected from the
trap. For each ion bunch, a fixed νrf is applied. By scanning
through νrf a resonance with a minimum in TOF at νrf = νc is
obtained. At TITAN the initial magnetron motion is induced
using a Lorentz-steerer [32], which allows fast and precise
ion preparation during the injection of the ion bunch into
the trap. Measurements were taken with excitation times of
Trf = 18 and 48 ms, corresponding to respective ion extraction
rates from the RFQ of 50 and 20 Hz. An example for
a resonance with Trf = 48 ms is shown in Fig. 1 and the
data are fit to the theoretical line shape [27]. To determine
the magnetic field in the trap, reference frequency scans were
performed with 12C before and after each 12Be measurement.
In all cases, the excitation time for 12C was identical to the
one for the interjacent 12Be measurement. The separation in
time between the 12C and 12Be measurements was kept below
one hour to minimize the effect of nonlinear changes in the
magnetic field between the two reference measurements. The
cyclotron frequency of 12C at the time of the 12Be measurement
was linearly interpolated from the preceding and following 12C
measurement. The frequency ratio R = νc(12Be+)/νc(12C+)
was calculated for each measurement set. A summary of these
can be found in Table I.

Various systematic effects at TITAN have recently been
studied with 6Li [30]. We are confident in extending the
corrections to the present mass range, especially since the
effects were shown to be almost two orders of magnitude below
the precision of this measurement. Particularly, because the
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FIG. 1. (Color online) 12Be+ resonance with excitation time of
Trf = 48 ms with a fit of the theoretical line shape (solid line).

reference ion and ion of interest share the same mass number,
effects of an improper electric field compensation, alignment
between magnetic and trap axes, or harmonic distortions of the
electrode structure effectively vanish. To minimize ion-ion or
ion-residual gas interactions, which could shift the observed
frequency, the number of ions in the trap at one time was kept
low: For 12C we detected on average less than 1.5 ions per ion
bunch and in the case of 12Be, the number of ions delivered
to TITAN was as low as 30–300 ions/s. The analysis was
performed once by taking all detected ions into account and a
second time by allowing events with only one registered ion per
bunch. A difference of 78 ppb in R between the two analysis
approaches was observed, corresponding to almost half of the
statistical uncertainty. This appears to be too large, given that
for 12Be the two data sets are highly correlated because of
the relatively rare scenario of detecting two ions during the
same ion bunch. To investigate a potential systematic effect,
we employed an ion-count-class analysis [33] of the reference
measurements as well as of an additional set of 10 12C
runs, which were taken half-way through the experiment.
The extracted shift is in comfortable agreement with zero,
but we cannot exclude a shift of the cyclotron frequency
of 19 ppb for 12C. For 12Be, the low number of counts
does not allow us to perform an ion-count-class analysis.
However, because of the laser ionization, we can safely assume

TABLE I. Mean cyclotron frequency ratio R between 12Be and
12C for Trf = 18 and 48 ms with statistical uncertainties. For the total
R the systematic uncertainties from potential shifts in νc(12C+) and
νc(12Be+) are also displayed.

Trf (ms) R = νc(12Be+)/νc(12C+) Number of Number
measurements of ions

18 0.997 761 43(27) 8 2580
48 0.997 761 37(23) 3 453

Total 0.997 761 39(17){2}{8} 3033
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FIG. 2. (Color online) Previous results [34–38] for the mass
excess (ME) of 12Be displayed together with this work. Measurements
#1–4 are reaction based and #5 is a direct measurement by MISTRAL.
The four most recent results are shown in the inset.

that contaminations in the 12Be beam are unlikely. Hence,
the extracted shift from the ion-count-class analysis for 12C
should also be valid for 12Be as they have identical mass
numbers. To be conservative, we nevertheless add another
79 ppb systematic uncertainty to R to account for a potential
shift in νc(12Be), reflected in the upper limit of the statistical
spread of "νc = νc(all ions) − νc(one ion per bunch), which
was evaluated on a run-by-run basis.

After adding statistical and systematic errors in quadrature,
the atomic mass of 12Be is calculated according to

m(12Be) = 1

R
[m(12C) − me + BC] + me − BBe, (1)

where me is the electron mass and BC and BBe are the first
ionization energies of C and Be, respectively. Hence, our mass
value for 12Be is 12.026 922 3(23) u, which is equivalent to
a mass excess of 25 078.0(2.1) keV. Our result is shown in
Fig. 2 together with previous mass measurements [34–38]
and the Atomic Mass Evaluation of 2003 (AME03) [39],
which is essentially based on measurement #3 [36]. The
reaction measurement 10Be(t,p)12Be (measurement #4 [37])
was missed during the AME03 evaluation. Our measurement is
in agreement with all previous results but is seven times more
precise than the AME03 value and improves the precision
by a factor of 2 compared to the previously most precise
measurement #4 [37].

Using the new mass value for 12Be we reevaluate the IMME
in Table II for the lowest lying isospin T = 2 multiplet in
the A = 12 system. The errors on the IMME parameters
are dominated by the uncertainty on the excited 0+ state in
12B, and hence the improved mass of 12Be has a relatively
small effect on the IMME parameters themselves; at this
level, all evidence points to the validity of the IMME with
a cubic term d or quadratic term e that is consistent with zero
(see Table II [A], [B], and [C]). However, considering the
unambiguous spin identification and the position of the 2+

and the 0+
2 states known within 1 keV [7,8], 12Be provides

the most detailed information about T = 2 states in A = 12.
As shown in Table II there are also excited T = 2 states
known in 12B [40,41], 12C [40], and most recently in 12O
[19], which are considered to be isobaric analog states of
the respective levels in 12Be. Except for the 2+ case in
12B, the experimental spin assignments remain ambiguous
and leave options for 0+ and 2+. This ambiguity is also
reflected in the continuing theoretical debate [16–18]; whereas
the experimentally observed second T = 2 line in 12C is
considered to be 0+, most likely with contributions of 2+ in
Refs. [16,17], it is referred to as a pure 2+ state in Ref. [18].

The IMME parameters show general trends over mass
number and excitation energy [43]; in particular the linear
parameter in Tz, b, follows a linear function over A. We
have thus adopted an approach in which we assume IMME
parameters to be similar for different multiplets at the same
mass number: We use our mass value for 12Be combined with
excitation energies of the 2+ and the 0+

2 levels as solid anchor
points for extrapolations based on the IMME parameters of
the lowest 0+ multiplet,

ME(Tz) = ME(12Be) + b(Tz − 2) + c
(
T 2

z − 4
)
. (2)

Such extrapolations are pictured in Fig. 3, where, for the
calculation of the uncertainty bands, the correlations between
the IMME parameters b and c extracted form the lowest lying
multiplet were included. It is remarkable how well the 2+ level
in 12B and the state in 12C are reproduced by the extrapolation
from 2+ in 12Be. However, no conclusion can be drawn for the
case of the excited state in 12O. When extrapolating from 0+

2
in 12Be, the second T = 2 state in 12C is missed by more than
four standard deviations. This analysis would thus favor the
2+ assignment. To cover the experimental value for 12C in the
uncertainty band of the extrapolation from 0+

2 in 12Be requires
inflating the uncertainties of b and c, leading to inflated
σb ∼ 315 keV and σc ∼ 160 keV. (Note that for the inflation
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FIG. 3. (Color online) IMME extrapolation based on the IMME
parameters of the lowest lying T = 2 multiplet in A = 12 and the
known T = 2 excited states in 12Be.
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Conclusions
• halo nuclei are ideal testing grounds for theoretical models

– importance of 3-body forces

– extended tails in wavefunctions

• Combination of high precision

– laser spectroscopy

– mass measurements 

– atomic physics calculation

• charge radius and separation energies (masses) are extracted model independently

=> important benchmark parameters for theory

• TITAN: 

– Penning trap measurements feasible for isotopes with T1/2 < 10 ms

– He, Li, and Be isotopes have been measured recently

– results compared to theory

– other TITAN mass measurements

• first successful measurement of charge bred ions

• neutron rich K
15

⇒ charge radius}
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Precise & Accurate

18
accurate, 
but not precise

precise, 
but not accurate

line width (FWHM):

⇒ resolution:

⇒ even for Trf ∼ 10ms

•exact theoretical description

•even for non-ideal traps

•off-line tests with stables

  ⇒ control over systematics

  for TITAN: < 5 ppb possible
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where θ is a misalignment angle of the trap geometrical axis
with respect to the magnetic field axis and ε is the harmonic
distortion factor. For the 6Li vs. 7Li measurement, #A/Acal. =
1/7, ν− = 6101.73(13) Hz, ν+,cal. = 8096378.00(13) Hz. The
misalignment angle θ was minimized by aligning the Penning
trap support structure with the magnetic field using an electron
beam and by having tight machining tolerance for the trap
electrodes leading to θmax = 2.1 × 10−3. The TITAN Penning
trap was also designed to minimize the size of the harmonic dis-
tortion parameter. Patch oxidation of the trap electrode surfaces
would cause undesired stray electric fields. It was prevented
by gold-plating the electrodes. Quadrupole deformation of the
electrical potential in the x-y plane was minimized by applying
the RF on the correction guard electrode, which allows to
have the ring electrode unsliced. Due to the tight tolerances
of the sapphire spheres on which the trap electrodes sits on,
the contribution from the misalignment of the ring electrode
with respect to the principal axis passing through the end
cap hole was minimal. The largest contribution to ε came
from the machining tolerance of δ = 0.01 mm on the ring
electrode. Using the ring electrode radius at the center of the
trap r0 = 15 mm, one gets

εmax = 1 −
(

r0 − δ

r0 + δ

)2

= 2.7 × 10−3. (12)

As ε and θ were not measured experimentally, to be conser-
vative, we chose ε ! 0.005 and θ ! 0.004, which is twice the
estimates made from the machining drawings. The maximal
value for (#R/R)mis. is obtained when ε = 0 and θ = 0.004
and is equal to 4.2 ppb. This upper limit is taken as the error
resulted from misalignment and harmonic distortion.

IV. FINAL 6Li MASS DETERMINATION

The 6Li mass determination was carried out by measuring
the frequency ratio of singly charged 6Li and 7Li ions using
the TITAN Penning trap.

Taking all the different sources of error summarized in
Table II into account and adding their errors in quadrature,
the final frequency ratio is Rfinal = 0.857 332 053 6(37).
Using Eq. (2), the 7Li mass m(7Li) = 7.016 003 425 6(45)
u and including the first electron ionization energy of
Li [39], the 6Li mass measured by TITAN is m(6Li) =
6.015 122 889(26) u with a corresponding mass excess of
ME(6Li) = 14 086.881(25) keV.

TABLE II. Error budget for the frequency ratio
measurement Rfinal which includes the different causes
of errors discussed in the text.

Error #R/R (ppb)

Relativistic and statistical 1.0
Compensation 0.4
Ion-ion interaction 0.2
Nonlinear B-field fluct. 0.2
Misalignment and harm. distor. 4.2

Total 4.3

FIG. 7. 6Li mass excess measured by the JILATRAP [15],
SMILETRAP [13] groups and the present work. The TITAN value is
in good agreement with that of Ref. [13].

This new 6Li mass confirms the SMILETRAP mass value
m(SMILE) = 6 015 122.890(40) u [13] while improving the
precision by a factor of 1.4 as shown in Fig. 7.

V. CONCLUSION

TITAN’s Penning trap mass spectrometer performed a mass
measurement on 6Li that resulted in a much improved determi-
nation of its mass and allowed one to resolve the disagreement
between two previous Penning trap measurements [13,15]. Our
measurement result is m(6Li) = 6.015 122 889(26) u, which
confirmed the value from Ref. [13]. The systematic errors
related to the measurement were studied in detail and include
relativistic correction, frequency shifts due to incomplete
compensation of the trapping field, ion-ion interaction, and
nonlinear fluctuations of the magnetic field. The dominant
source of systematic error (4.2 ppb) was the misalignment
and harmonic distortion, which came mainly from the factor
#A/Acal. = 1/7 in Eq. (11) and our conservative choices for ε
and θ . At present, the achieved precision is sufficient, however,
it is planned to measure these parameters to further reduce this
error. This new mass value for 6Li is of key relevance because
in the light mass region, where the neutron halo nuclei have
been investigated, several measurements with the TITAN’s
Penning trap mass spectrometer, such as 8He, 8Li, 9Li, and
11Li used 6Li as a reference mass. Furthermore, this new mass
determination to a level of precision of 4.4 ppb, makes 6Li
a solid anchor point for future mass measurements on highly
charged ions with m/q ∼ 6, as planned for unstable nuclei at
TITAN, but also for example at SMILETRAP for stable nuclei.
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(Effective Single Particle Energy)
(from S.Zhu, PRC 80, 024318 (2009) 

2
4

28

Ca

2 KB3G: no new (Kuo-Brown G-matrix pot.; full fp shell)
32

FPD6: N = 32 (Analytic 2-body pot.; selected energy levels)34
GXPF1A: N = 34 (G-matrix pot.; full fp shell; cross-shell exc.)

Motivations for the measurement
As an element gets more N-rich, its shell structure changes.
This induce a change in the magic numbers

The various existing nuclear models predicts 
different new magic numbers for Ca

Goal: put tighter constrain on nuclear models 
predictions through mass measurement
As the above models only include 2-body forces, 3-
body forces might be required to explain our findings
New magic numbers were previously found, 
such as 24O
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Mass measurements on K & Ca

47-50K and 49,50Ca masses improved by factor of up to 100
48K and 49K masses deviates by 6 and 10 σ from AME03
51K and 52K mass measurement needed to see if shell closure at N = 32
S2N(51K) ~ S2N(52K): extrapolated 48Ar mass could be under-estimated
mass measurement of 46Ar and 48Ar are needed...
As the N-rich mass landscape gets more refined, more 
measurements are needed!
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TITAN: only facility with online charge bred ions (HCI) worldwide 
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Figure 12: TOF spectra of multiply ionized 39K [stable], 44K, 46K isotopes extracted from the EBIT. Small quantities
of multiply charged Ar, which had been injected a few weeks earlier as a gas, are observed in the background spectra.
The spectra were taken with slightly different experimental conditions such as injected beam current, beam tuning, and
acquisition time. The cathode was unbiased (warmed up only, see text). Electron-beam, injected ion beam, and extracted
ion beam energies were 3.95 keV, 2 keV, and ∼1.95 keV·q, respectively. Isobaric contamination exists in the 44K and
46K spectra. The gray-shaded region represents a background measurement with no K injected.

times with the use of short extraction pulses. The time spread of the bunches is limited by open-
ning the trap for less then 1 µs, which is done by lowering the collector-side end-cap potential
with a fast high-voltage transistor switch. Before reaching the MPET, unwanted contanimating
ions are deflected away with a fast switching steerer in the MPET beam line. Given a distance
of about 4 m between the EBIT trap center and the MPET MCP, the TOF A/q resolving power
is approximately 50 (∼1.95 keV·q extraction energy). This necessity to use short ion bunches is
also dictated by the length of the trapping region of the hyperbolic TITAN Penning trap, which
requires the injected ion bunches to be less than 1-2 µs. This short extraction time requirement
limits the EBIT extraction efficiency to about 5%, excluding the transport efficiency. Note that
the collector extraction electrode can significanlty steer and defocus the beams injected into and
extracted from the EBIT if the value of the potential applied to it is on the same order of magni-
tude as the ion-beam energy. Typically, the energy of the beams extracted from the RFQC is 2
keV, while the voltage applied to the collector extraction electrode is normally -2.1 kV (cathode

14

Figure 13: TOF-ICR resonance curve of 44K4+ obtained with a RF excitation time of 147 ms. The solid curve is a fit of
the theoretically expected line shape to the data points.

orders of magnitude relative to their counterparts owing to much lower decay energies and, as a
consequence, are poorly known. For such cases, the traditional methods of K-shell X-rays have
reached a limit of sensitivity. The ion-trap approach is expected to increase the sensitivity limit
because of significantly reduced background levels.

As a proof-of-principle experiment, we have recently injected and trapped in the EBIT (with
no electron beam) 107In and 124Cs radioactive singly charged ions and searched for signatures of
EC events by X-ray spectroscopy. X-ray photons are produced as a result of the decay of elec-
trons filling electronic shell vacancies (mostly K shell) created by the capture of electrons by the
nucleus. EC branching ratios can be determined from the number of X-rays detected within the
lifetime of the nucleus normalized by the intrinsic and geometrical efficiencies of the detection
system. Figure 15 presents spectra taken with a high-purity germanium detector, with and with
no injection of 124Cs ions. The spectrum taken with injected ions shows signatures of EC events,
where 124Xe K-shell X-ray spectral lines are visible. The injected beam was contaminated with
the isobar 124Ba, which decays by EC to 124Cs. During these measurements, the trap content was
constantly monitored with a silicon detector placed in front of the electron gun and one could
observe typical β+ spectra [28, 29].

6. Conclusion and future developments

We have presented the EBIT of the online high-precision mass measurement TITAN facility
and the results of first injection, charge breeding, and extraction tests performed with stable as
well as radioactive ions. The TITAN EBIT has been commissioned only recently to receive ra-
dioactive ions. A good understanding of the device still need to be acquired to efficiently charge
breed and extract highly charged ions. The dynamic injection (capture) efficiency as the electron
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Trf = 147 ms
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First physics run later this year:

74Rb
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