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What are Halo Nuclei?

•   Very exotic nuclei (large n/p ratio) 

Halo n/p
6He 2
8He 3
11Li 2.66
12C 1

Some properties of halo:

from: I. Tanihata

Nuclear radius for stable nuclei: RN ~r0 A1/3  
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•  Tiny one or two neutrons separation energy

Halo “=“ RMatter - RCharge

•   But difference in charge and matter radii

11Li



2009 May 14 APS NWS09 3

Halo nuclei: at the verge of the drip line 

Borromean 
system

S n
 (k

eV
)

One neutron separation energy: Sn(N,Z) = M(N-1,Z) + Mn – M(N,Z) 

Very short lived:
He-8: 119 ms
Li-11: 8.8 ms
Be-14: 4.4 ms
Difficult to measure!

•   Some unbound element 
become bound when adding a 
neutron.

•   Halo nuclei formation and 
structure not fully understood
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Charge radius determination from isotope shifts

The size of halo nuclei 

•  Charge radius gives insight on core-halo interaction
•  Compare different theoretical models (S. Bacca talk)

Reference New mass needed
Wang et al. PRL 04
Muller et al. PRL 07
Sanchez et al. PRL 06
Nortershauser et al. PRL 09

Laboratory
ANL

GANIL
TRIUMF
ISOLDE

Halo nuclei
He-6
He-8
Li-11
Be-11

•  Require mass precision < 1 keV

•  Very short-live nuclei (as short as 5 ms)
•  Best (and only) tool on the market: Penning traps

2

FIG. 2: Left: Charge radius of lithium [4] and helium isotopes [6]. Note the sharp increase for
6
He followed by a decrease for

8
He. Right: RMS matter radius of lithium [2] and helium isotopes [7].

In the study of halo nuclei, there are two important representative quantities: the matter and charge radii. The first

is a measure of the density distribution of the nuclei and a sharp increase of it along an isotopic chain, as shown in

Figure 2, is the signature of a halo nuclei. The second, is a measure of the “shape” of the halo or the correlation

between its constituents. Both of these quantities are strongly mass-dependant, thus a precise and accurate knowledge

of the mass of these halo nuclei is critical.

II. MOTIVATIONS FOR THE MASS MEASUREMENT

As the two-proton wave-function of helium is mainly in a spherical 1s-state, any changes in the charge radius of

helium isotope is a reflection of the motion of the core due to a non-centric centre of mass. As previously discussed, a

halo nuclei comprise a tightly bounded core surrounded by one to four loosely bounded nucleons. There are two helium

halo nuclei;
6
He and

8
He. Both comprise a

4
He core accompanied by respectively two and four orbiting neutrons. The

correlation between these excess neutrons gives two possible situations. In the first situation, the neutrons spent more

time together on one side of the nuclei, inducing recoil of the core, which smears the charge distribution of the nuclei.

This is observed as an increase of the charge radius. This case correspond to several borromean types of halo nuclei

such as:
6
He,

11
Li,

14
Be and the potential di-proton halo

17
Ne. The other type of correlation is a more spherical one

were the neutrons spent most of their time away from each other, reducing the centre of mass shift and consequently

the nuclear charge radius. This can be the case of the four-neutron halo
8
He [? ].

The nuclear charge radius of
8
He as been recently determined from isotopic shift measurements [6]. The isotopic

shift is given by the following expression:

δνA,A�
= νA�

− νA
= δνA,A�

MS + δνA,A�

FS (1)

Where δνA,A�

MS is the mass shift, which strongly depend on the mass of the two isotopes:

δνA,A�

MS = (KNMS + KSMS)
MA −MA�

MAMA�
. (2)

This quantity also includes the normal mass shift KNMS due to the finite mass of the nucleon and the specific mass

shift KSMS due to electron correlations. The second contribution to the isotopic shift, the field shift δA,A�

FS :

δνA,A�

FS = KFS · δ < r2
c >A,A�

, (3)

is the one from which the nuclear charge radius can be extracted. The field constant KFS , as well as the two mass

shift constants are all precisely known quantities [8]. Figure 3 shows the variation of charge and matter radius along

the lithium and helium isotopic chain. While the matter radius increases quite promptly for the di-neutrons
6
He and

11
Li, it shows only a slight increase for

8
He compared to

6
He. This is a consequence that

8
He has a four neutrons

halo structure rather than a
6
He core plus two halo neutrons. The charge radius increase

6
He and

11
Li, consequence

of the strong correlation between the neutrons, but decreases for the more spherical
8
He. Finally, as discussed in [6],

the biggest contribution to the error on the
8
He charge radius comes from the uncertainty on the nuclear mass of

8
He.

Thus, an accurate and precise mass measurement is necessary in order to confirm the nature of
8
He. This will be the

main topic of that Ph.D. thesis.
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•  Isotope shift measured using laser spectroscopy

Experiment
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Theory
•  Need atomic structure calculations to get charge radii

2

FIG. 2: Left: Charge radius of lithium [4] and helium isotopes [6]. Note the sharp increase for
6
He followed by a decrease for

8
He. Right: RMS matter radius of lithium [2] and helium isotopes [7].

In the study of halo nuclei, there are two important representative quantities: the matter and charge radii. The first

is a measure of the density distribution of the nuclei and a sharp increase of it along an isotopic chain, as shown in

Figure 2, is the signature of a halo nuclei. The second, is a measure of the “shape” of the halo or the correlation

between its constituents. Both of these quantities are strongly mass-dependant, thus a precise and accurate knowledge

of the mass of these halo nuclei is critical.

II. MOTIVATIONS FOR THE MASS MEASUREMENT

As the two-proton wave-function of helium is mainly in a spherical 1s-state, any changes in the charge radius of

helium isotope is a reflection of the motion of the core due to a non-centric centre of mass. As previously discussed, a

halo nuclei comprise a tightly bounded core surrounded by one to four loosely bounded nucleons. There are two helium

halo nuclei;
6
He and

8
He. Both comprise a

4
He core accompanied by respectively two and four orbiting neutrons. The

correlation between these excess neutrons gives two possible situations. In the first situation, the neutrons spent more

time together on one side of the nuclei, inducing recoil of the core, which smears the charge distribution of the nuclei.

This is observed as an increase of the charge radius. This case correspond to several borromean types of halo nuclei

such as:
6
He,

11
Li,

14
Be and the potential di-proton halo

17
Ne. The other type of correlation is a more spherical one

were the neutrons spent most of their time away from each other, reducing the centre of mass shift and consequently

the nuclear charge radius. This can be the case of the four-neutron halo
8
He [? ].

The nuclear charge radius of
8
He as been recently determined from isotopic shift measurements [6]. The isotopic

shift is given by the following expression:

δνA,A�
= νA�

− νA
= δνA,A�

MS + δνA,A�

FS (1)

Where δνA,A�

MS is the mass shift, which strongly depend on the mass of the two isotopes:

δνA,A�

MS = (KNMS + KSMS)
MA −MA�

MAMA�
. (2)

This quantity also includes the normal mass shift KNMS due to the finite mass of the nucleon and the specific mass

shift KSMS due to electron correlations. The second contribution to the isotopic shift, the field shift δA,A�

FS :

δνA,A�

FS = KFS · δ < r2
c >A,A�

, (3)

is the one from which the nuclear charge radius can be extracted. The field constant KFS , as well as the two mass

shift constants are all precisely known quantities [8]. Figure 3 shows the variation of charge and matter radius along

the lithium and helium isotopic chain. While the matter radius increases quite promptly for the di-neutrons
6
He and

11
Li, it shows only a slight increase for

8
He compared to

6
He. This is a consequence that

8
He has a four neutrons

halo structure rather than a
6
He core plus two halo neutrons. The charge radius increase

6
He and

11
Li, consequence

of the strong correlation between the neutrons, but decreases for the more spherical
8
He. Finally, as discussed in [6],

the biggest contribution to the error on the
8
He charge radius comes from the uncertainty on the nuclear mass of

8
He.

Thus, an accurate and precise mass measurement is necessary in order to confirm the nature of
8
He. This will be the

main topic of that Ph.D. thesis.

2

FIG. 2: Left: Charge radius of lithium [4] and helium isotopes [6]. Note the sharp increase for
6
He followed by a decrease for

8
He. Right: RMS matter radius of lithium [2] and helium isotopes [7].

In the study of halo nuclei, there are two important representative quantities: the matter and charge radii. The first

is a measure of the density distribution of the nuclei and a sharp increase of it along an isotopic chain, as shown in

Figure 2, is the signature of a halo nuclei. The second, is a measure of the “shape” of the halo or the correlation

between its constituents. Both of these quantities are strongly mass-dependant, thus a precise and accurate knowledge

of the mass of these halo nuclei is critical.

II. MOTIVATIONS FOR THE MASS MEASUREMENT

As the two-proton wave-function of helium is mainly in a spherical 1s-state, any changes in the charge radius of

helium isotope is a reflection of the motion of the core due to a non-centric centre of mass. As previously discussed, a

halo nuclei comprise a tightly bounded core surrounded by one to four loosely bounded nucleons. There are two helium

halo nuclei;
6
He and

8
He. Both comprise a

4
He core accompanied by respectively two and four orbiting neutrons. The

correlation between these excess neutrons gives two possible situations. In the first situation, the neutrons spent more

time together on one side of the nuclei, inducing recoil of the core, which smears the charge distribution of the nuclei.

This is observed as an increase of the charge radius. This case correspond to several borromean types of halo nuclei

such as:
6
He,

11
Li,

14
Be and the potential di-proton halo

17
Ne. The other type of correlation is a more spherical one

were the neutrons spent most of their time away from each other, reducing the centre of mass shift and consequently

the nuclear charge radius. This can be the case of the four-neutron halo
8
He [? ].

The nuclear charge radius of
8
He as been recently determined from isotopic shift measurements [6]. The isotopic

shift is given by the following expression:

δνA,A�
= νA�

− νA
= δνA,A�

MS + δνA,A�

FS (1)

Where δνA,A�

MS is the mass shift, which strongly depend on the mass of the two isotopes:

δνA,A�

MS = (KNMS + KSMS)
MA −MA�

MAMA�
. (2)

This quantity also includes the normal mass shift KNMS due to the finite mass of the nucleon and the specific mass

shift KSMS due to electron correlations. The second contribution to the isotopic shift, the field shift δA,A�

FS :

δνA,A�

FS = KFS · δ < r2
c >A,A�

, (3)

is the one from which the nuclear charge radius can be extracted. The field constant KFS , as well as the two mass

shift constants are all precisely known quantities [8]. Figure 3 shows the variation of charge and matter radius along

the lithium and helium isotopic chain. While the matter radius increases quite promptly for the di-neutrons
6
He and

11
Li, it shows only a slight increase for

8
He compared to

6
He. This is a consequence that

8
He has a four neutrons

halo structure rather than a
6
He core plus two halo neutrons. The charge radius increase

6
He and

11
Li, consequence

of the strong correlation between the neutrons, but decreases for the more spherical
8
He. Finally, as discussed in [6],

the biggest contribution to the error on the
8
He charge radius comes from the uncertainty on the nuclear mass of

8
He.

Thus, an accurate and precise mass measurement is necessary in order to confirm the nature of
8
He. This will be the

main topic of that Ph.D. thesis.

•  Mass shift dominates for light nuclei Mass shift
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The TITAN facility at ISAC 

ISAC Beam

RFQ
Cooling and Bunching

Penning Trap
Mass Measurement

EBIT
Charge State Breeding

(E ~ 20-60 keV)

Cooler Trap
Cooling HCI

δm

m
=

m

qTB
√

N

φ2 =
Uo

4d2 (2z2 − r2) (3.4)

and leads to the quadrupole trapping field

Er = Uor
2d2

Ez = −Uoz
d2

(3.5)

3.1.1 Ion motion in a Penning trap

Charged particles in a magnetic field execute a circular cyclotron motion around the

field lines with frequency

ωc =
q

m
B, (3.6)

where q is the charge of the particle, B is the strength of the magnetic field and m is

mass of the particle. Superimposing an azimuthal, electric quadrupole field within a

uniform magnetic field and using them to trap a charged particle causes the particle to

execute three independent eigenmotions. The electric quadrupole field is responsible

for an axial oscillation with a frequency ωz . The remaining two eigenmotions are in

the radial plane: a slow magnetron motion with frequency ω− due to the E×B drift

motion of the particle, and a cyclotron motion with a modified frequency ω+. Fig. 3.2

illustrates the three eigenmotions. In a pure electric quadrupole field the frequencies

of the two radial eigenmotions are given by

ω± =
ωc
2
±

�
ω2

c
4
− ω2

z
2

, (3.7)

where the axial oscillation frequency is given by

ωz =

�
qUo

md2 . (3.8)

24
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TITAN’s 2007-2009 Halo Nuclei Harvest 

•  New level of precision for the mass
determination of unstable light nuclei

reached dm ~ 1 keV (as required)
• 11Li: Shortest lived ion measured in
a Penning trap

R. Ringle, PLB, submitted

He8: V. Ryjkov, PRL 101 012501 (2008)
He6: M. Brodeur PRL in preparation

Li8-11: M. Smith, PRL 101 202501 (2008)
Li6: M. Brodeur, submitted to PRC

• 6Li: Improved precision for stable isotopes :
resolve 16 ppb disagreement between
AME03 and SMILETRAP.

• New S2n & binding energies for theory
• Re-analyzed charge radii
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Summary and outlook 

Plans:
•  Measured Be-14 produced using TaC target

Halo nuclei

He-6

He-8

Li-11

Be-11

Reference

Wang et al. PRL 04

Muller et al. PRL 08

Sanchez et al. PRL 06

Nortershauser et al. PRL 09

Brodeur et al. in prep. PRL

Ryjkov et al. PRL 08

Smith et al. PRL 08

Ringle et al. sub. PLB

•  New area in mass measurement on halo nuclei (1, 2, 4 neutron halo)

Old AME03 M.E. (keV)

31598.0 +/- 6.9

17595.11 +/- 0.76

40797 +/- 19 

20174.1 +/- 6.4

TITAN new M.E. (keV)

17598.132 +/- 0.019

31586.403 +/- 0.025

40728.28 +/- 0.64

20177.60 +/- 0.58

•  Mass measurement of radio-active 
highly charged ions this year.

•  Need for better understanding of the few-body Q.M. halo system (S. Bacca talk)
•  Systematic measurement shows systematic error in the ppb range.

He-like oxygen

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
21 DECEMBER 2007

252501-3

(fm)
1.925 +/- 0.012

1.808 +/- 0.028

2.365 +/- 0.039

1.925 +/- 0.012

•  New charge radii values

(using our mass)

1.913 +/- 0.011

1.835 +/- 0.019

2.323 +/- 0.036

Experiment
Theory

1.4 1.6 1.8 2 2.2 2.4 2.6
Nuclear radii [fm]

rms point-proton matter

8He

GFMC
NCSM

GFMC
NCSM

Nuclear
scattering

Nuclear
scattering

6He

4He
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S2n of all bound nuclides

14O

11Li

17B 27F
14Be

6He

8He

21Mg
12N

S2n(N,Z) = M(N-2,Z) + 2*Mn – M(N,Z) 
S2n(N,Z): B.E. of the last 2 n

Proton-rich
drip line

Neutron-rich
drip line

!!

−V0

−E
r

ψ(r) ∝ e
r
ρ

r

ρ =
�

2µS2n

�2

9

Two-neutrons separation energy 

from: D. Lunney

•  Li-11, He-6 and Be-14: 2n-halo
•  He-8: 4n-halo 



2009 May 14 APS NWS09 10

The mass measurement is made 
by finding the true cyclotron 

frequency of the ion in the trapThree Harmonic Eigen-motions
Linear Magnetic Field + Harmonic 

Electrostatic Potential

Extraction through magnetic field 
converts radial energy to 

longitudinal energy

Measurement of TOF gives 
cyclotron frequency and hence the 

mass

Application of quadrupolar field 
converts magnetron motion into 

cyclotron motion.  

Penning Trap in a Nutshell 
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New Charge Radius for He, Li & Be 

across this range. Dwell times of 20 ms per step were used,
resulting in about 4 s per scan. Two remote-controlled
mirrors were used to block alternately one of the two laser
beams during each scan. Typically 2! 50 scans were
accumulated for isotopes with high yields, whereas up to
2! 400 scans were taken for a spectrum of 11Be (see
Fig. 2).

The spectra were fitted with Voigt profiles of common
widths for all hyperfine-structure components. The hyper-
fine pattern was reproduced by direct calculation of the
F ! F0 resonance position from

!FF0 ¼ !cg þ
1

2
½A2pCðF; I; JÞ ' A2sCðF0; I; JÞ( (1)

with the center-of-gravity frequency !cg, the A factors of
the ground (A2s) and excited states (A2p), respectively, and
CðF; I; JÞ ¼ FðFþ 1Þ ' IðI þ 1Þ ' JðJ þ 1Þ. Chi-square
minimization was done by varying A and !cg amongst
other parameters. Weak satellite peaks arising at higher
acceleration voltages due to inelastic collisions with resid-
ual gases were also included in the fitting function. The
achievable accuracy was tested in an off-line beam time
and systematic shifts of the transition frequency were
evaluated. Only a small effect caused by beam misalign-
ments could be observed.

The obtained isotope shifts "!9;A
IS ¼ !0ðABeÞ ' !0ð9BeÞ

are listed in Table I. The quoted uncertainty represents the
standard error of the mean of individual results from all
measurements on a particular isotope. An uncertainty of
0.5 MHz accounting for possible misalignments of the
laser and ion beam overlap was added quadratically.
Recoil corrections in the isotope shift are only at the
10% level of the final uncertainty. Charge radii are deduced
by subtracting the mass-dependent isotope shift of the
respective isotope pair as calculated in Ref. [7]. The re-
maining nuclear-volume shift provides the change in the
mean-square nuclear charge radius "hr2ci between two
isotopes. Absolute charge radii rc must be related to at
least one isotope for which the absolute radius is known
and can then be deduced according to

r2cðABeÞ ¼ r2cð9BeÞ þ
"!9;A

IS ' "!9;A
MS

C
(2)

with the theoretically calculated electronic factor C ¼
'16:912 MHz=fm2 [7].

For stable 9Be, rc was determined by elastic electron
scattering [19], and by muonic atom spectroscopy [20].
Reported charge radii of 2.519(12) fm [19] and 2.39(17) fm
differ by 0.13 fm but agree within the rather large uncer-
tainty of the muonic atom result. We have used the electron
scattering result, but we note that this was not obtained in a
completely nuclear-model independent way. Hence, rean-
alysis of the Be scattering data, as performed for the proton
[21], would be useful to determine whether the small
uncertainty of 0.012 fm is reliable. However, a small
change in the reference radius causes primarily only a
parallel shift of all charge radii.
Results for "hr2ci and rc are listed in Table I. Isotope

shifts in the D2 line have also been measured and are still
under evaluation. The extracted charge radii agree with the
values reported here, but are less accurate due to unre-
solved hyperfine structures.
The derived nuclear charge radii are shown in Fig. 3: rc

decreases from 7Be to 10Be, but then increases for 11Be.
The decrease is probably caused by the clusterization of
7Be into an# cluster and a triton cluster, whereas 9;10Be are
considered to be #þ #þ n and #þ #þ nþ n systems,
respectively, and are more compact. According to a simple
frozen core two-body model the increase from 10Be to 11Be
can be attributed to the motion of the 10Be core relative to
the center of mass. Using r2cð11BeÞ ¼ R2

cm þ r2cð10BeÞ a rms
distance of 7.0 fm between the neutron and the center of
mass of 11Be can be extracted directly from "hr2ci.
To test nuclear-structure theories, predictions from dif-

ferent models are included in Fig. 3. Reported point-proton
radii rpp were converted to nuclear charge radii rc by
folding in proton Rp [21] and neutron Rn [22] rms charge
radii and adding the Darwin-Foldy term [23]:

TABLE I. Isotope shifts "!9;A
IS in the D1 line and theoretical

mass shifts "!9;A
MS [7,8] for ABe-9Be. Uncertainties for the abso-

lute charge radius rc include the uncertainty in the reference
radius rcð9BeÞ ¼ 2:519ð12Þ fm [18].

"!9;A
IS , MHz "!9;A

MS, MHz "hr2ci9;A, fm2 rc, fm

7Be '49 236:9ð9Þ '49 225:75ð4Þ 0.66(5) 2.647(17)
9Be 0 0 2.519(12)
10Be 17 323.8(13) 17 310.44(1) '0:79ð8Þ 2.357(18)
11Be 31 565.0(9) 31 560.31(6) '0:28ð5Þ 2.463(16)

FIG. 3 (color online). Experimental charge radii of beryllium
isotopes from isotope-shift measurements (d) compared with
values from interaction cross-section measurements ()) and
theoretical predictions: Greens-function Monte Carlo calcula-
tions (+) [2,24], fermionic molecular dynamics (4) [25],
ab initio no-core shell model (h) [13,26,27].

PRL 102, 062503 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

13 FEBRUARY 2009

062503-3

W. Nörtershäuser et al, PRL (2009)

Using TITAN’s Be masses together with
G. Drake mass shifts calculations:

Better and different mass value.
Requires re-evaluation of charge
 radius, theory is very interested! 

TITAN

TITAN

6He (Wang)
=1.925±0.012 fm

Revised charge radius (prelim.)
Calculation G. Drake

(in prep for PRL M. Brodeur et al.)

6He (TITAN)
=1.910±0.011fm

8He (Muller)
=1.808±0.028 fm

8He (TITAN)
=1.835±0.019 fm

P. Muller et al PRL 
99, 252501 (2007) 

cross-section
measurements
(model 
dependent)

FMD

NCSM

GFMC

Mass is no longer a limiting factor
for the charge radii of He, Li and Be. 

Good testing of different models
on the market (see S. Bacca talk)

R. Sanchez et al., PRL (2006)
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Isotope Shift:
(of atomic transition)

Mass Shift Field Shift

Normal mass shift
(addition of neutron)

Specific mass shift
(electron correlation)

Experiment Theory

To be extracted

12

Charge Radii Determination 

•  Halo nuclei formation and structure not fully understood
•  Charge radius gives insight on core-halo interaction
•  Compare different theoretical models (see S. Bacca talk)      

Charge radius determination from isotope shifts

Mass shift

Fiel
d sh

ift

•  Mass shift dominates for light nuclei
•  Require mass precision < 1 keV

•  Very short-live nuclei (as short as 5 ms)
•  Best (and only) tool on the market: Penning traps

Halo nuclei
He-6
He-8
Li-11
Be-11

Reference New mass needed
Wang et al. PRL 04 ANL
Muller et al. PRL 08
Sanchez et al. PRL 06

Nortershauser et al. PRL 06


