Chapter 6

Nuclear Charge Radii of Light Elements
and Recent Developments in Collinear Laser
Spectroscopy
Wilfried Nörtershäuser and Christopher Geppert

6.1 Introduction
It is now known for nearly a century that atomic spectra are a fabulous tool to study
nuclear ground-state properties through the hyperfine structure of atomic transitions. The magnetic hyperfine splitting of spectral lines was already observed—even
though not interpreted as such—by A. Michelson [1], the influence of the mass of
the nucleus lead to the discovery of deuterium by Harold Urrey [2]. Schüler and
Schmidt observed the electrical hyperfine structure in 151,153 Eu in 1935 [3], which
was interpreted by H.B.G. Casimir [4] as arising from a deformation of the nuclear
charge distribution. While these first investigations were performed on stable isotopes, it was soon recognized that this technique can also be applied to radioactive
short-lived isotopes. In the early years, atomic beam magnetic resonance (ABMR)
measurements and radiation-detected optical pumping (RADOP) were the work
horses in this field since the radio-frequency transitions provided sufficient resolution to study the atomic hyperfine structure [5, 6]. With the invention of the laser,
the study of optical transitions became possible with higher resolution. Resonance
laser excitation was combined with the ABMR technique to study the isotopes of
sodium [7]. But shortly thereafter a new technique was proposed [8, 9] and realized on-line first at the TRIGA reactor in Mainz [10, 11] and then later at ISOLDE
[12]: collinear laser spectroscopy (CLS) is widely applicable and a large part of the
data for radioactive isotopes available today has been harvested with this technique.
As a second workhorse, resonance ionization spectroscopy (RIS) was established
on-line and is now commonly used for both, the generation of isobarically pure (or
at least enriched) beams at on-line mass separators and studies of hyperfine structure and isotope shifts in the ion source (hot cavity) or in gas cells (for a recent
review see [13]). While the CLS technique offers high resolution and can be applied
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all over the nuclear chart, RIS inside hot cavities and gas cells is often more sensitive but has limited resolution due to the Doppler width or pressure broadening
of the transition in the corresponding environment. Pulsed lasers are used in these
cases, which have bandwidths matched to the width of the broadened transition line.
However, based on a principle demonstrated earlier [14], a new setup has been established at ISOLDE that combines the advantages of both techniques, applying
resonance ionization in collinear laser spectroscopy (CRIS, collinear resonance ionization spectroscopy) [15].
In a previous volume of this series, an overview on the determination of nuclear moments has been given by Neugart and Neyens [16]. Since then, new techniques have been established for the study of charge radii, some of them are based
on collinear laser spectroscopy, others employ ion and atom traps. This lecture is
intended to be an extension to [16] with its focus on high-resolution laser spectroscopy for on-line charge radius measurements. In parallel there was also progress
in medium–to low-resolution work performed with pulsed lasers in hot-cavity ion
sources and gas cells, which has been part of a recent review about resonance laser
ionization for nuclear physics [13] and will not be discussed here. This note does
also not provide a general or complete review of this field, but rather a guide for
newcomers into some of the latest technical developments. Therefore, we will focus
in the first section on the way to extract information about nuclear charge radii from
the optical spectra and in the second part on experimental aspects. A few examples
of extracted nuclear data will be given but we do not discuss the results in terms
of nuclear structure in depths. Therefore we refer to the original literature. More
general recent reviews can be found in [17, 18].

6.2 Atomic Theory: Isotope Shift and Charge Radii
The finite mass and size of the atomic nucleus has a small but distinct influence on
the optical spectrum. If one compares the wavelength (or transition frequency ν) of
an electronic transition along a chain of isotopes of a certain element, a small shift
between the lines can be observed. This frequency difference




δν AA = ν A − ν A

(6.1)

between the isotopes with mass numbers A and A is called the (transition) isotope
shift1 and can be divided into the finite nuclear-mass shift (MS) and the nuclear
volume or field shift (FS)






AA
AA
AA
δνIS
= δνMS
+ δνFS
.

(6.2)

1 We can also introduce a level isotope shift, which is the difference in total binding energy of an
atomic level in two isotopes. In the following we will use the term isotope shift synonymously with
the transition isotope shift.
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6.2.1 Mass Shift
The mass shift is connected to the change of the kinetic energy of the nuclear motion
in the center-of-mass (CM) frame when additional neutrons are added to the nucleus.
For this we can write in a non-relativistic approach
Ekin,nuc =

2
Pnuc
,
2Mnuc

(6.3)

with Mnuc the mass of the nucleus. Since the center-of-mass of the atom is per
definition at rest in the atoms rest frame, we can replace the nuclear momentum by
the negative of the total electron momenta
Pnuc = −

N


pi

(6.4)

i=1

resulting in



2

( pi )2
1
Pnuc
2
=
=
pi +
pi · pj .
2Mnuc
2Mnuc
2Mnuc
i

(6.5)

i=j

This is the total energy of the nuclear motion for a specific electronic state. If one
of the electrons is excited into a different state, the nuclear motion must adapt to
the new electron momenta and the kinetic energy might change. The corresponding
energy must be delivered from the absorbed photon and this gives rise to a small
change of the transition energy.2 The isotope shift is caused by the difference of this
energy due to the different masses of the two isotopes. This can be summarized as


AA
=
δνMS

MA − MA
(KNMS + KSMS ).
MA MA

(6.6)

The so-called “normal mass shift” (NMS) is the part of the shift that arises from the
change of the p2 -term in (6.5), representing the active electron and can be easily
evaluated by replacing the electron mass me with the reduced mass of the system.
This leads to
KNMS = me ν.

(6.7)

The “specific mass shift” (SMS) is caused by the change of the electron correlation
terms pi · pj . For KSMS there is no analytical solution, it can only be calculated
numerically by solving electron-correlation integrals that are notoriously difficult to
evaluate. This is already a challenge in a two-electron system and has so far being
2 Momentum conservation requires also that the atom acquires linear momentum in the absorption
process. While this can usually be neglected for heavy atoms in allowed dipole transitions, the
contribution has to be considered for the lightest elements.
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solved accurately and in full detail only for up to three electrons as will be discussed
below.
To obtain a size estimate of the mass shift, we consider first the Lyman-α
line in hydrogen. Using Eq. (6.7) we obtain the mass shift constant KNMS =
1.4 · 103 GHz amu and with the masses of the proton and the deuteron from Eq. (6.6)
1,2
= 672.8 GHz. From the functional dependence on the atomic
a mass shift of δνMS
mass it is clear that this huge contribution decreases roughly as 1/A2 with nuclear
mass and becomes rather small for heavier elements. In atoms with more than one
electron, the specific mass shift has to be considered. Even though there is no analytical solution, a few rules of thumb have been derived [19]:
• For a usual alkaline-like s → p transition the specific mass shift is expected to be
rather small, usually less than the normal mass shift. A notable exception of this
rule is the 2s → 2p resonance transition in Be+ , where the specific mass shift is
larger than the normal mass shift and has the opposite sign.
• Transitions involving d or f states can have specific mass shifts that are several
times larger than the normal mass shift and have a positive or a negative sign.

6.2.2 Field Shift
The second part of the isotope shift is related to the finite nuclear size (FNS) and is
the interesting part from the nuclear physics point of view. For a point-like nucleus,
the electrons experience a true Coulomb potential that approaches −∞ at the center.
But for an extended nucleus, the potential deviates from the 1/r-law within the
nuclear volume and acquires a finite value at the nuclear center. Thus, electronic
levels that have wave functions with a finite probability density inside the nuclear
volume, |Ψ (0)|2 = 0, increase in energy since the electron is less strongly bound in
this region. This is depicted in the center of Fig. 6.1. The contribution of the finite
nuclear size effect to the total binding energy of an atomic level
EFNS =

2
Ze2  2  
rc Ψ (0)
6ε0

(6.8)

is proportional to the electron density at the nucleus and the nuclear mean-square
charge radius
 2
1
rc =
(6.9)
ρc (r)r 2 dV ,
Ze
where ρc (r) is the nuclear charge density normalized to the charge of the nucleus,
i.e. ρc (r) dV = Ze. If it is possible to determine the total field shift of an electronic
state EFNS and to calculate |Ψ (0)|2 , the mean-square nuclear charge radius can be
determined. Unfortunately, EFNS is experimentally only accessible for hydrogenlike atoms where it contributes particularly to the 1s Lamb shift and it can be extracted from a comparison of the measured binding energy of the electron with corresponding quantum electrodynamical (QED) calculations.
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Fig. 6.1 Left: Representation of the normal mass shift (NMS, top) in a one-electron system and the
specific mass shift (SMS) in a two-electron system. If the correlation of the electrons is such that
they are preferably close in space, the nuclear center-of-mass motion is large, whereas it is much
smaller if the electrons prefer to be far apart and on opposite sides of the nucleus. Center: Origin
of the field shift. With increasing size of the nucleus, the electrostatic potential deviates already
at larger r from the pure Coulomb potential (dotted line). Thus, the level energies of the bound
electrons change and this change is particularly large for s-electrons having a finite probability for
being inside the nucleus. The dotted horizontal line represents the level energy of the s-electron
for a point-like nucleus, which is lifted in the two isotopes with mass numbers A (right) and A
(left). The field shift is represented by the different length of the blue and the red arrow. Right:
Schematic of the contribution of field shift and mass shift in GHz to the overall isotopic shift,
drawn as a function of the atomic number

Laser spectroscopy is able to determine energy differences between two atomic
states with very high accuracy. The contribution of the FNS effect to the transition
frequency arises from the difference of the electron density at the nucleus |Ψ (0)|2
between the initial (i) and the final state (f) of the transition
δνFNS,i→f =
with

2

Ψ (0)

2
Ze2  2  
rc  Ψ (0)
6hε0

i→f

i→f


2 
2
= Ψf (0) − Ψi (0) .

(6.10)

(6.11)

A measurement of the absolute transition frequency in an atom would thus allow
one the determination of rc2  of its nucleus provided that the transition frequency
for a point-like nucleus can be calculated with sufficient accuracy.3 So far this is only
possible for hydrogen-like systems due to difficulties in QED calculations that can
currently be solved rigorously only for one-electron systems. An extraction of the
3 This approach is used in the analysis of the spectra of K

nuclear charge radii.

α

lines of muonic atoms to extract absolute
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absolute charge radius based on a laser spectroscopic determination of the transition
frequency was so far only possible for the proton based on the 1s Lamb shift [20].
A recent result for the proton charge radius obtained from the laser spectroscopic
determination of the 2s − 2p lamb shift in muonic hydrogen [21] deviates from
those of hydrogen and elastic electron scattering by about 5 − 7σ . This constitutes
the so-called proton-radius puzzle and is a very interesting topic but not related to
radioactive isotopes. For more details we refer to the recent review [22].
If we finally compare the transition frequency of two isotopes, the field shift
contribution to the transition isotope shift is


AA
δνFS
=

=

2  A  A
Ze2 
 Ψ (0) rc2 − rc2
6hε0
2  AA
 AA
Ze2 
 Ψ (0) δ r 2
= F δ rc2
,
6hε0

(6.12)

where we have dropped the index of the corresponding atomic transition i → f and
introduced the field shift constant F . In principle, F exhibits also a small isotopic
dependence, caused by the relativistic correction to the wave function at the origin—
i.e. inside the nucleus—and the mass-polarization term (pi · pj ). However, its variation along a chain of isotope is usually sufficiently small to be neglected. Only at
very high-accuracy it might have to be included as was the case in the determination
of the charge radius of lithium isotopes: While the total contribution of relativistic
effects to F was calculated to be on the order of 10−3 , the variation between the isotopes is only on the 10−5 level [23]. Equations (6.2), (6.6) and (6.12) can be written
in summary


AA
δνIS
= (KNMS + KSMS )

 AA
MA − MA
+ F δ rc2
.
MA MA

(6.13)

In order to get an idea about the size of the field shift in the Ly-α line, we can
use the hydrogenic wave function of the 1s level and determine |Ψ (0)|2 = (πa03 )−1
with the Bohr radius a0 . For the field shift constant this results in a value of F =
1.8 MHz/fm2 . Using the root-mean-square (RMS) charge radii of hydrogen [24]
and deuterium [25] from elastic electron scattering, we obtain
1,2
δνFS
= 1.8

MHz
fm2

· 0.8952 − 2.1282 fm2 = −6.7 MHz.

(6.14)

Thus the field shift is only 10 ppm of the mass shift of 670 GHz in this transition.
A A+1
For an estimation of the functional dependence of δνFS
we can use the liquid√
3
drop (LD) model for a nucleus of radius R = r0 A with r0 = 1.2 fm and a constant
charge density of c = Ze/(4πR 3 /3)
 2
4π
rc LD =
Ze

R
cr
0

4

3
3
dr = R 2 = r02 A2/3 .
5
5

(6.15)
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For small variations of A the charge radius changes according to
 
3
3
2
δ rc2 LD = r02 (A + δA)2/3 − r02 A2/3 ≈ r02 A−1/3 δA,
5
5
5

(6.16)

while the electron density at the nucleus increases with√Z 2 . In total this leads to
an increase of the field shift roughly proportional to Z 2 / 3 A. The approximate dependency of the mass shift and the field shift on the atomic number is represented
on the right in Fig. 6.1. For light elements the mass shift by far dominates the field
shift, while they are of approximately the same size around Z = 38 and for heavier
nuclei the field shift supersedes the mass shift. Please note that due to the opposite
signs4 of the mass shift and the field shift, the total isotope shift vanishes around the
crossing point.
It should be noted that the equations given above are a very good approximation
for light isotopes, because the probability density can be considered constant with

the value |Ψ (0)|2 across the nuclear volume. For heavier isotopes δrc2 AA must be

replaced by the so-called nuclear parameter ΛAA and higher radial moments have
to be considered
 AA C2  4 AA C3  6 AA

ΛAA = δ rc2
+
δr
+
δr
+ ···.
C1 c
C1 c

(6.17)

The Seltzer coefficients C2 /C1 , etc. are tabulated in [26]. Relativistic corrections
and screening effects have to be considered for the electron wavefunctions in heavier atoms, but we do not want to dwell in this further at this point because in the
following we will mostly be concerned with charge radii in light and medium-heavy
elements.

6.2.3 Evaluation of Mass Shift and Field Shift Constants
Summarizing the isotope shift as
 AA
AA
AA
δνIS
= δνMS
+ F δ rc2

(6.18)



AA and F in order to extract the
it becomes apparent that we have to determine δνMS

change in the mean-square charge radius δrc2 AA from a measured isotope shift
AA . It would be straightforward if ab-initio atomic structure calculations could
δνIS
provide these two values. However, already for two-electron systems such calculations are very demanding due to the correlation terms and are only possible in a
rigorous way for the lightest systems with up to three electrons as will be discussed

4 The (normal) mass shift leads to an increase of binding energy for the heavier nucleus while the
increasing size weakens the binding.
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below. With increasing electron number, the number of possible configurations increases and becomes even dramatically large if additional shells are opened as is
the case in the transition metals (d-shells) and even worse for the lanthanides and
actinides (f -shells and d-shells). Here, many overlapping and nearly degenerated
configurations exist. Moreover, QED corrections become more important with increasing Z. Even for a “simple” electronic transition like the 4s 2 S1/2 → 4p 2 P1/2
transition in the alkaline-like Ca+ ion, specific mass shift calculations require large
model spaces and several thousands of configuration state functions have to be used
in order to obtain a value that has some reliability. Combined with the NMS—being
easily and accurately calculable—the total mass shift factor has typically a relative
accuracy of about 15–30 %. The field shift constant in this system can be calculated
more reliably and relative accuracies on the 10 % level are often estimated [27].
In cases where one has to rely solely on theoretical calculations, the systematic
uncertainties of those should be considered. But often it is possible to separate both
terms in (6.18) based on nuclear charge radii of stable isotopes determined with
other techniques or to use semi-empirical approaches to determine F .

6.2.3.1 Determination of Mass Shift and Field Shift Constants
with a King-Plot
A separation of mass and field shift contribution is possible if at least three isotopes
have known charge radii, independently determined by other techniques. Therefore
(6.13) is multiplied by the inverse mass-scaling factor to obtain


AA
δνIS

MA MA
MA MA  2 AA
= KMS + F
δr
MA − MA
MA − MA c
 AA
AA
δν IS = KMS + F δ
rc2
,

(6.19a)
(6.19b)

where x represents the mass-scaled variable x. Using known isotope masses, one
AA
AA

2
from the measured isotopes shifts and δr
from the
can easily calculate δν
IS

AA
δν IS

AA

c


2
known charge radii. Plotting then
as a function of δr
will result in a
c
straight line with slope F and ordinate crossing at KMS . This kind of presentation
is known as “King-Plot”. An example is shown in Fig. 6.2 for the Cd isotopes in
the 5s 2 S1/2 → 5p 2 P3/2 transition. Here, the charge radii from muonic atoms (see
below) tabulated in [28] were used to calculate the modified isotope shifts plotted
on the abscissa. The small error bars in y and x direction are based on the statistical
uncertainty from laser spectroscopy and the muonic radii, respectively, whereas the
larger ones in x direction include the systematic uncertainty of the nuclear charge
radii. It is instructive to note that the even isotopes from 106 Cd to 112 Cd cluster at
one point in the King-Plot. This is always the case for isotopes that show a regular

behavior of the charge radius with δr 2 AA ∼ (A − A ). Therefore, it is of importance for this technique to have information on the charge radii of several isotopes
and that these do not show such a regular behavior.
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Fig. 6.2 Modified King plot for stable cadmium isotopes in the 5s 2 S1/2 → 5p 2 P3/2 transition in
Cd+ . Small error bars reflect the statistical uncertainties whereas the large horizontal error bars
are due to systematic uncertainties. A linear fit allows to determine the mass shift constant from
the crossing with the y axis and the slope is determined by the field shift constant F . The 1σ
confidence band is also shown

X-ray emission spectroscopy of muonic atoms is a technique that has been applied for a long time and has delivered charge radii for the majority of stable isotopes. Since the muon is 208 times heavier than the electron, it is bound closer
to the nucleus and its probability density inside the nucleus is much larger than
for an electron with the same principal quantum number. The most reliable information on nuclear charge radii from muonic atom X-ray spectra is obtained from
2p1/2,3/2 → 1s1/2 (Kα -) transitions. Contrary to the electronic case, the wavefunction cannot be assumed to be constant inside the nucleus due to the much larger
probability density. Instead, the Dirac equation of the muon in the nuclear field
is numerically solved for the upper and the lower state of the X-ray transition assuming an analytical nuclear charge distribution, usually the two-parameter Fermi
distribution
ρ0
ρN (r) =
,
(6.20)
1 + e(r−c)/a
where ρ0 is the central nuclear density, c is a size parameter and a is related to the
skin thickness t. The latter is usually defined as the radial extension of the region in
which the density drops from 90 % to 10 % of the central density, which refers to
t = 4a ln 3. The calculated energy difference between the two electronic states corresponds to the X-ray energy and the nuclear charge distribution is now modified in
order to obtain agreement with the experimental spectrum. The RMS radius of the
nucleus under investigation can be evaluated directly
 from the parameterized distribution. However, it turns out that the value for r 2  is strongly model-dependent
since it changes considerably as t is varied or alternative distributions are used. It
was shown that the potential difference between the two muonic states connected by
the Kα transition can be well approximated by the analytical expression Br k e−αr ,
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where B, k and α are fitting constants and that the corresponding expectation value
 4π
r k e−αr =
Ze



ρN (r)r k e−αr r 2 dr,

(6.21)

called the Barrett moment, is largely insensitive to the details of the assumed nuclear density distribution [29], e.g. the skin thickness, and therefore called modelindependent. Hence, an equivalent Barrett radius Rkα is introduced, by the implicit
relation



3
r k e−αr = 3
Rkα

Rkα

r k e−αr r 2 dr.

(6.22)

0

Rkα is thus the radius of a sphere of constant charge density that has the same Barrett moment as the nucleus under investigation. Usually the limited knowledge of
the nuclear polarization correction is reported as the dominant systematic error of
the result. However, it is in most cases not clearly discussed or not even known,
how much the polarization correction might change along a chain of stable isotopes. Hence, the term “model-independent” has to be taken with care. This leads to
difficulties concerning error propagation in the King plot.
Finally it should be mentioned that there is also another usage of Eqs. (6.19a),
(6.19b), namely the extraction of isotope shift parameters in one transition if they
are known in another transition of the ion or atom. This is often useful if these can be
estimated to good accuracy in a particular transition but this transition does not fulfill
the requirements for on-line spectroscopy of rare isotopes, it might lack efficiency
for example. In that case both transitions can be measured for stable isotopes—here
efficiency is usually not an issue—
 AA
AA
rc2
δν IS,1 = KMS,1 + F1 δ

(6.23)

 
AA
δν IS,2 = KMS,2 + F2 δ
rc2

(6.24)

AA

and the unknown charge radii can be eliminated in one equation, e.g.
 AA
1
AA
δν IS,1 − KMS,1 = +δ
rc2
F1


F2
F2 AA
AA
δν IS,2 = KMS,2 − KMS,1 + δν IS,1 .
F1
F1

(6.25)
(6.26)

Thus, a plot of the mass-scaled isotope shift in one transition against that in the
other transition should exhibit a straight line with slope F2 /F1 and ordinate KMS,2 −
(F2 /F1 )KMS,1 . Equation (6.26) can also be used to check the internal consistency
of isotope shifts in different transitions. Of course, also this technique relies on the
existence of at least three stable isotopes or measurements of short-lived isotopes
that are produced in larger quantities in more than one transition.
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6.2.3.2 Semi-empirical Determination of the Field-Shift Factor
Since the field shift factor is proportional to |Ψ (0)|2 it can be extracted from other
observables that are also sensitive to this probability density. Therefore either the
energy of ns states (n = principal quantum number of the state) or the hyperfine
splitting for an s state in an isotope with well-known nuclear magnetic moment
can be used. Rydberg states in many-electron systems show a deviation from the
Rydberg formula that is usually taken care of by introducing the so-called quantum
defect ξ . The corresponding formula for the energy of the Rydberg atom is then
RM
,
(n − ξ )2

En = EI −

(6.27)

where EI is the ionization energy of the element, RM the mass-reduced Rydberg
constant for the respective isotope with mass M. The quantum defect ξ arises from
the fact that the valence electron has some probability being inside the shell of the
other electrons and therefore feels more of the unscreened charge of the nucleus.
It varies with angular momentum and is largest for s electrons due to the missing
centrifugal barrier. For high-lying states the quantum defect is almost constant, but
it varies slightly for lower states. Thus, the probability density at the nucleus can be
extracted by the Goudsmit-Fermi-Segrè formula

2


Ψ (0)2 = 1 Zi Za 1 − dξ ,
ns
dn
πa03 n3a

(6.28)

where a0 is the Bohr radius, Zi = Z for s electrons and Za = 1 for neutral atoms,
Za = 2 for singly charged ions etc. na = n − ξ is the effective quantum number
after subtraction of the quantum defect ξ . To apply this formula, one must generate
a table of level energies starting from a level at low n. From the energies one obtains
the effective quantum numbers



na =

R∞
=

Ens

R∞
EI − Ens

(6.29)

and thus the variation of the quantum defect with principal quantum number ξ(n).
In order to calculate the term in parentheses in Eq. (6.28), one can use the procedure
described by Kopfermann [30]
dξ
=
dn

dξ

dEns
dξ

dEns

− 2 Ena

,

(6.30)

ns

dξ
where the derivative dE
 is determined from a linear or quadratic fit to the data of
ns

ξ(Ens ) and the derivative is taken at a low value of n.
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Another possibility to determine the probability density |Ψ (0)|2ns is through the
hyperfine splitting factor. The a factor of an ns electron for example is given by [30]
ans =

2

8π
μI
hcR∞ α 2 a03 Ψ (0)ns Fr (j, Zi )(1 − εBR )(1 − εBW )
.
3
I μB

R∞ is the Rydberg constant in cm−1 , μB the Bohr magneton, μI is the nuclear
magnetic moment and α is the fine-structure constant. Fr is a radial integral, εBR
and εBW are the Breit-Rosenthal and Bohr-Weisskopf correction for the finite nuclear charge and nuclear magnetic moment distribution, respectively. Measuring the
hyperfine splitting in such a state allows to extract |Ψ (0)|2ns . If possible, both techniques should be applied in order to check the consistency of their results and might
then also be compared to ab-initio calculations.

6.2.3.3 Ab-initio Calculations of Mass Shift and Field Shift Constants
Mass-shift and field shift constants can in principle be obtained from atomic structure calculations. However, these many-body calculations must reliably treat all
electron-electron correlations. As discussed above, this becomes dramatically complex for many-electron systems, but for few-electron systems (not more than three),
high-accuracy calculations are feasible nowadays. For two electrons at positions r1
and r2 bound to a nucleus at position R0 the stationary Schrödinger equation including the nuclear motion reads

2  2
2  2  2
H Ψ (r1 , r2 ) = −
∇ + ∇2
(6.31)
∇0 −
2M
2me 1


Ze
Ze
e2
1
−
−
+
Ψ (r1 , r2 )
+
4πε0
|r1 | |r2 | |r1 − r2 |
= E Ψ (r1 , r2 ).

(6.32)

The last term of the potential energy, representing the electron-electron repulsion
term, makes the Hamiltonian nonseparable and, thus, the Schrödinger equation cannot be solved exactly. In order to apply numerical methods, it is usually transformed
into the CM frame and relative coordinates, thus removing the explicit appearance
of R0 . One obtains




1
Ze2 Ze2
e2
2  2  2 μ  
−
−
+
, (6.33)
H =−
∇ 1 + ∇2 + ∇ 1 · ∇ 2 +
2me
M
4πε0
|r1 |
|r2 | |r1 − r2 |
1 · ∇
 2 , representing the correwith the additional mass-polarization term (μ/M) ∇
lation of electron momenta as discussed above. Here μ = me M/(me + M) is the
electron reduced mass and M the mass of the nucleus. The Hamiltonian is divided
into the dominant nuclear-mass independent term H0 and the mass polarization term
H = H0 + H  = H0 + ηHMP

(6.34)
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with the perturbation parameter η = μ/M and
HMP = −

2  
∇1 · ∇2 .
2me

(6.35)

The solution to this many-body problem is a kind of textbook example and therefore
we will just roughly sketch the way it is handled. For more details see, e.g. Refs.
[23, 31, 32].
This problem is treated in perturbation theory using the following approach:
First, approximate solutions for H0 are constructed using a variational approach
in an appropriate basis set. Here, a basis already suggested by Hylleraas in 1929 is
usually used [33]. It provides a set of functions that are explicitly correlated, since
j
j
they include, for example in a three-electron system, products of powers of r11 , r22 ,
j
j
j
j
r33 , r1212 , r1313 , and r2323 . The constructed solution of H0 must have been converged to
at least 10 digits in order to provide the required accuracy in the next steps. Based on
the calculated wave functions, perturbation theory is used to evaluate the contribution of the mass polarization term H  , as well as relativistic and QED contributions.
Lowest order relativistic corrections are of order α 4 (including the α 2 already existing in the Rydberg constant) while QED corrections start with the order of α 5 . This
leads to an expansion of the energy of each state in a double power series of η and
of α


E(α, η) = mc2 α 2 E (2,0) + ηE (2,1) + η2 E (2,2)




+ mc2 α 4 E (4,0) + ηE (4,1) + mc2 α 5 E (5,0) + ηE (5,1)


+ mc2 α 6 E (6,0) + ηE (6,1) + mc2 α 7 E (7,0) + · · ·
+


Ze2  2   3
rc
δ (ri ) ,
6ε0

(6.36)

i

where the η-dependent terms are responsible for the mass shift and the last term is
the finite nuclear size contribution. Here, δ 3 (ri ) is the three-dimensional δ-function
for the coordinate of the i-th electron and its expectation value δ 3 (ri ) is the corresponding electron probability density at the nucleus.
Currently, QED and relativistic contributions are calculated up to the order of
α 6 and α 7 terms are approximated using hydrogenic wavefunctions. Some contributions and their dependence on α are listed in Table 6.1. Calculating all terms provides the level energies from which the total transition energies can be determined.
In principle, this would allow for an absolute determination of rc2  by a comparison
with the measured transition frequency. However, the theoretical uncertainty of the
transition energy is dominated by mass(η)-independent QED corrections of order α 5
and is on the same order as the finite size effect (≈10 MHz). Fortunately, the massindependent terms cancel in the calculation of the isotope shift and, thus, δνMS can
be calculated to much higher precision. While two-electron atoms have been treated
with this approach since about 1992 [35, 36], calculations in three-electron systems
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Table 6.1 Contributions to the mass shift term in isotope shift measurements listed as a function
of the fine-structure constant α and the electron reduced-mass to atomic mass ratio η = μ/M
Contribution to

Term

Dependence

E (2,0)

Nonrelativistic energy

Z2 α2

E (2,1)

Mass polarization

Z 2 α 2 (μ/M)

E (2,2)

Second-order mass polarization

Z 2 α 2 (μ/M)2

E (4,0)

Relativistic corrections

Z4 α4

E (4,1)

Relativistic recoil

Z 4 α 4 (μ/M)

E (5,0)

Anomalous magnetic moment

Z4 α5

E (2,0)

Hyperfine structure

Z 3 α 2 gI μ20

E (3,0)

Lamb shift

Z 4 α 5 ln α + · · ·

E (3,1)

Radiative recoil

Z 4 α 5 ln α(μ/M)

–

Finite nuclear size

Z 4 α 2 rc2 

have reached the required accuracy just at the turn of the last century [37]. Since
then, the accuracy of the calculations was increased by about two orders of magnitude [23]. As an example, the different contributions from the mass-dependent terms
to the isotope shift of 11 Li relative to 6 Li are listed in Table 6.2 [23]. Not included in
the corrections discussed above are nuclear polarization contributions. Nuclei which
have a large polarizability—indicated by a large low-lying E1 dipole strength in the
nuclear excitation spectrum—can be influenced by the electric field of the atomic
shell. This, in turn, causes a contribution to the level energies and therefore to the
isotope shift. The corresponding Feynman diagram is shown in Fig. 6.3. This effect cannot be neglected for 11 Li [38] and is particularly strong for 11 Be [32], the
nucleus with the largest dipole strength of all known nuclei.
6,A
Using the calculated mass shifts δνMS
, the change in the RMS charge radius
between the isotope with mass number A and the reference isotope (in this example:
6 Li) can be obtained from the measured isotope shifts δν 6,A using the relation
IS
6,A
6,A
 6,A δνIS
− δνMS
.
δ rc2
=
F

(6.37)

In order to calculate the RMS charge radius rc  the charge radius of at least one
isotope in the isotopic chain must have been determined by a different technique. In
the case of lithium the two stable isotopes, 6,7 Li, were investigated by elastic electron scattering in the 1960’s and 70’s. A recent analysis of the world scattering data
showed that the 6 Li scattering data is more reliable than that of the more abundant
isotope 7 Li and a charge radius of Rc (6 Li) = 2.59(4) fm was extracted [39]. This
allows to determine the charge radii of all lithium isotopes according to

6,A
  6
δν 6,A − δνMS
A
Rc Li = rc2 Li + IS
.
(6.38)
F

6 Nuclear Charge Radii of Light Elements and Recent Developments

247

6,11
Table 6.2 Contributions to the mass shift δνMS,Theory
of 11 Li relative to 6 Li in the 2s 2 S1/2 →
2
3s S1/2 transition. The mass-dependent terms are calculated using the mass M listed in the first row
for 11 Li and for 6 Li M = 7.016 003 425 6(45) amu. The unit of the electronic factor F is MHz/fm2 .
All other values are in MHz. To demonstrate the degree of agreement between the independent
calculations by Yan & Drake and Puchalski & Pachucki, those values which are slightly differing
between the groups are listed
11 Li

Term

11.04372361(69)a

M (amu)

36 559.175 4(27)b

μ/M

−4.761 9

(μ/M)2
α 2 µ/M

0.055 0c
0.053 7(4)d

α 3 μ/M

−0.154 8(21)

α 4 μ/M

−0.021 5(63)c
−0.026 8(90)d
0.039(4)

νpol

36 554.323(9)c

Total

36 554.325(9)d
−1.570 3(16)

F
a [34]
b Uncertainties

for this line are dominated by the nuclear mass uncertainty

c Calculation

by Puchalski and Pachucki

d Calculation

by Yan and Drake

Fig. 6.3 Feynman diagram representation of the nuclear polarizability correction. Photon exchange (wave) with the electron (solid line) leads to a dipole excitation of the nucleus N into
an excited state N∗

The field-shift factor F required in this calculation can also be obtained from the
constructed wavefunctions using
F=

N
 

Ze2  3
δ (ri ) f − δ 3 (ri ) i ,
6ε0
i=1

(6.39)
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with the expectation values of the δ-function (= electron probability density) ·i,f
in the initial (i) and final (f) state of the transition. Please note that this also includes changes of the core electron density induced by the transition of the valence
electron.

6.3 Nuclear Theory: Charge Radii Variations Along Isotopic
Chains
In this section, we will shortly discuss possible reasons for changes of the nuclear
charge radius along an isotopic chain. These changes are driven, amongst other effects, by the increase in nuclear volume, deformation, or clustering of the nuclei.

6.3.1 Spherical Nuclei
For spherical nuclei that have equally distributed protons and neutrons, the volume
occupied by the protons increases proportional to the mass number A. As it has been
discussed in Sect. 6.2.2, Eq. (6.16), this leads to a liquid-drop model expectation for
the “standard isotope shift” (adding one neutron to a nucleus) of
 
drc2 sph
2 δA 2
δA = √
r .
δ rc2 sph ≈
dA
5 3A 0

(6.40)

Instead of the simple liquid-drop model radius one can use the radius from the more
sophisticated finite-range droplet model by Myers et al. [40, 41], which gives a much
better approximation of the standard isotope shift [42]. For heavy nuclei, the term
A−1/3 is almost constant along an isotopic chain and the increase in charge radius is
therefore approximately linear. This is illustrated in Fig. 6.4 which shows changes
of the mean-square charge radii for elements in the region of the doubly magic
nucleus 208 Pb, which is expected to be spherical as all doubly magic nuclei. The
straight lines that are drawn in Fig. 6.4 are the corresponding expected variations
according to the droplet model. All elements in this region have a series of isotopes
that indeed follow this trend to a very good approximation. However, there are clear
deviations from this linear behavior towards neutron-deficient isotopes and at the
N = 126 shell closure. The neutron-deficient isotopes show a more or less sudden
increase in charge radius. This was first discovered for the mercury isotopes [43],
where a large odd-even staggering was observed for isotopes lighter than 186 Hg.
Most recently the behavior of the neutron-deficient polonium isotopes was studied
[44] and a relatively smooth and early deviation from the straight line compared
to the other elements in this region was observed. The corresponding increase in
charge radius is related to a change from a spherical to a deformed one as will be
discussed in the next section. The behavior at the N = 126 shell closure is still not
fully understood and will be a topic for investigations in the years to come.
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Fig. 6.4 Changes of the mean-square nuclear charge radii in the lead region. A constant offset was
used for all isotopes of one element in order to separate the data points of the different elements,
which would otherwise lay on top of each other. Thus, the δrc2  axis is only to be taken relative.
The straight lines represent the prediction from the spherical finite-range droplet model [42]. The
kink at the N = 126 shell closure is clearly visible. Neutron-deficient isotopes of most elements
exhibit also a deviation from this line due to deformation effects. Figure taken and modified from
[44] including data from [45]

6.3.2 Nuclear Deformation
A spherical nucleus of constant density exhibits the smallest rc2  of all nuclei with
identical density and volume. In order to estimate the change in mean-square charge
radius with increasing deformation, a quadrupolar deformed nucleus with sharp
edge at radius
Rdef = R0 1 + β2 Y20 (θ ) /N

(6.41)

is considered. Here, Y20 (θ ) is a spherical harmonic function, β2 the deformation
parameter and N is introduced for volume normalization. The corresponding meansquare charge radius is calculated to be


 2
 2
5  2
β
r def = r sph 1 +
(6.42)
4π 2
and its change in lowest order can be separated into a volume and a shape term
 
 
 
5  2
r sph δ β22 .
δ r 2 def = δ r 2 sph +
4π

(6.43)

This formula can be generalized for nuclei deformed in a more complicated way by
replacing β2 Y20 with a sum over all relevant spherical harmonics βi Yi0 . A typical
quadrupole deformation is β2 = 0.3. The second term becomes 5r 2 sph 0.32 /4π ≈
0.04r 2 sph . Even though 4 % does not seem to be much, it is a huge effect compared
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to the relative size of the volume effect for a spherical nucleus generated by a single
neutron, obtained from the standard isotope shift in Eq. (6.16) and Eq. (6.15)
δrc2 A,A−1
sph
rc2 sph

=

1
,
3A

(6.44)

which is already below the 1 % level for masses above 30 amu and for example in
the lead region constitutes only a 0.16 % effect. This demonstrates the sensitivity of
δrc2  and thus the isotope shift to nuclear-shape changes.
A deformed nucleus with spin shows also a change in the electronic structure
caused by the electric hyperfine structure. Referring to the lecture note by Neugart
and Neyens [16] on nuclear moments, it should be noted that the hyperfine splitting
is also sensitive to the deformation parameter β2 . While charge radius changes are
only an indication for a variation of β22 , its sign can be directly extracted from the
hyperfine
structure. A comparison between β2  from the hyperfine structure and


β22  can reveal the nature of the deformation. A nucleus is statically deformed if
the minimum of its energy appears at a finite deformation β2 . If the minimum is
relatively flat, i.e. the slope around the minimum is small, the shape-restoring forces
are weak and the nucleus is “soft” against deformation. Contrary, a steep minimum
indicates a stiff nucleus. In a soft nucleus collective vibrations can appear that do
not contribute to the static deformation since their time average is zero. However,
they do cause a rise of the mean-square nuclear charge radius, since the expectation
value of β22  is different from zero. This can be used to separate the contribution
from the static deformation ∝ β2 2 and the dynamic contribution to the nuclear
charge radius, by simply writing
 2
 
β2
= β2 2 + β22 − β2 2 .
(6.45)







charge-radius

static

dynamic

This identity has to be interpreted as follows: The left side is the information from
the charge radius measurement and the first term on the right the expected contribution of the static deformation obtained from the hyperfine structure to the change
in mean-square charge radius. If the two do not fit together, the second term must
be different from zero and constitutes the contribution of a dynamic deformation.
Thus, if a change appears in δrc2  that is considerably larger than expected using
β2 2 obtained from the hyperfine structure, one of the isotopes must have a sizable amount of dynamic deformation. This has been observed, e.g. in the yttrium
isotopes around neutron number N = 60 [46], a part of the nuclear chart that is
called the “region of sudden onset of deformation”. In the isotope 88 Y for example,
δβ2 2 extracted from the B-factor in the hyperfine structure is more than 10 times
smaller then the corresponding δβ22  required to relate the increase in charge radius
to the deformation parameter. A similar behavior is observed for yttrium isotopes
with N < 60, whereas isotopes with N ≥ 60 fulfill the relation δβ22  ≈ δβ2 2 . It
should be noted that this dynamical deformation can also contribute to nuclei that
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are on average spherical. It is for example used in [42] to explain the kink of δrc2 
at the magic numbers N = 50 and N = 82.

6.3.3 Clustering and Halos in Light Nuclei
Many light nuclei can be described in a way that nucleons merge to smaller entities,
called clusters. A more detailed description and background of this topic is given
by Martin Freer in this volume under the title “Clustering in light nuclei; from the
stable to the exotic” [47].
The most important clusters in these descriptions are the α-cluster (4 He++ ), the
deuteron (d = 2 H+ ), and the triton (t = 3 H+ ). The nucleus 6 Li for example is built
from an α-cluster and a deuteron, similarly a triton and an α make up 7 Be. An indication that there is some truth in this picture is the fact that one needs less energy to
release a deuteron from 6 Li than a single proton or neutron. Similarly, the beryllium
isotopes with A ≥ 9 are composed of two α-clusters and additional neutrons. This
clustering can be regarded as the reason for the non-existence5 of 8 Be, since there
is no “glue” that “connects” the two α’s. In 9 Be a single neutron provides sufficient
binding but the potential minimum is rather flat according to Fermionic Molecular Dynamic Calculations [48]. The “steepness” of the minimum increases for 10 Be
and, thus, the average distance of the α’s is reduced resulting in a smaller charge
radius. The determined charge radii along the lithium and beryllium isotopic chains
are shown in Fig. 6.5. The strong trend towards smaller charge radii with increasing
neutron number is obvious. However, a striking difference is observed for 11 Li and
11 Be: the charge radius suddenly increases for these isotopes, which are known as
“halo” isotopes. A halo nucleus consists of a compact nuclear core with the usual
nuclear matter density that is surrounded by a dilute cloud of neutrons [49]. This is
illustrated for the case of 11 Li in Fig. 6.6(a). The halo is formed by two neutrons
and the RMS matter radius obtained from the wavefunction of the halo-neutrons is
comparable to the matter radius of the stable nucleus 208 Pb. The increase in charge
radius from 9 Li to 11 Li can be largely attributed to a pronounced recoil effect of
the 9 Li core-nucleus in 11 Li. The momenta of the two neutrons can be described in
the so-called T-system as indicated in Fig. 6.6(b). Assuming a charge radius of the
9 Li core-nucleus in 11 Li to be identical with that of the free 9 Li nucleus, the charge
radius of 11 Li arising purely from the motion of the 9 Li-core in the center-of-mass
system can be written as

11
9
2
Rc Li = Rc2 Li + Rc-CM
,
(6.46)
2
with Rc-CM = 11
Rc-nn being the distance between the core and the center of mass.
From this formula it is obvious that the change in the mean-square charge radius is

5 To

be more specific: 8 Be is unbound and does only exist as a resonance in the continuum with a
width of about 6 eV corresponding to a half-life of approximately 10−16 s.
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Fig. 6.5 Nuclear charge radii of lithium and beryllium isotopes obtained from isotope shift measurements [50, 51]. Error bars are based on the isotope shift uncertainty only. The additional systematic uncertainty caused by the reference charge radius uncertainty is indicated by the dashed
lines (Li) and the shaded area (Be), respectively

Fig. 6.6 (a) Illustration of the uncommon structure of a halo nucleus for the example 11 Li. The
wave function of the two neutrons outside the 9 Li core nucleus expands to large radii and exhibits
an RMS matter radius comparable to that of the heaviest stable nuclei like 208 Pb illustrated below.
(b) The so-called T-system is characterized by the distances between the core and the center-of
mass of the two neutrons Rc-nn and the two halo neutrons Rnn . In this basis, the nuclear observables
accessible by laser spectroscopy—i.e. charge radius, electric quadrupole moment and magnetic
dipole moment—are calculated easiest. (c) 11 Li correlation density in the T-system. See text for
more information. (Figure (c) reprinted from N.B. Shulgina et al.: 11 Li structure from experimental data, Nucl. Phys. A 825, 175–199, http://dx.doi.org/10.1016/j.nuclphysa.2009.04.014.©2009
Elsevier)
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Fig. 6.7 Different contributions to the charge radius of 6 He (solid line, squares) and 8 He (dashed
line, dots) as calculated in the Gamow Shell-Model (GSM) and comparison with experimental
charge radii (EXP) and ab-initio calculations using Greens-Function’s Monte-Carlo calculations
(GFMC) and the No-Core Shell Model (NCSM). The inset shows theoretical (GSM) and experimental RMS neutron radii. Figure taken from [54]. (Reprinted with permission from Phys. Rev. C
84 84051304(R) Copyright 2011 American Physical Society)

just the mean-square distance between the core and the center of mass
2
Rc-CM
= Rc2

11

 
9
Li − Rc2 Li = δ rc2 .

(6.47)

Using the experimental values for 9 Li and 11 Li as obtained in [39] results in Rc-nn =
6.1 fm. The distance between the two neutrons, denoted Rnn , can be extracted from
two-neutron interferometry data obtained in nuclear breakup reactions and results
in Rnn = 6.6 ± 1.5 fm [52]. According to a three-body model of 11 Li that has been
optimized to agree with all experimental observables of 11 Li, the RMS distances
between the core and the center of mass of the two neutrons Rc-nn = 5.55 fm and
between the two halo-neutrons Rnn = 6.69 fm are almost equal [53]. Consequently,
the 11 Li correlation density in the T-system obtained from this model, plotted in
Fig. 6.6(c), shows a peak at about 4 fm in both distances. A small contribution of
a cigar-like configuration, i.e. with the two neutrons on opposite sides of the core
nucleus, is observable as a weak cloud at Rnn ≈ 6 fm and Rc-nn ≈ 2 fm.
There are several subtle effects also contributing to the size of the charge radius of such a halo nucleus. They are deconvoluted in Fig. 6.7 for the two-neutron
and four-neutron halo nuclei 6 He and 8 He. The radii of these nuclei were calculated in the Gamow Shell-Model [54], based on the point-proton radius of 4 He. The
point-proton radius is the radius of the proton distribution assuming the protons
(and neutrons) being point-like particles. Similar as in 11 Li, the additional neutrons
in the halo cause a motion of the α-cluster in the center-of-mass system. This leads
to an increase of the charge radius, which is slightly smaller for 8 He than for 6 He
due to the more “balanced” configuration of the four neutrons in 8 He compared to
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the two neutrons in 6 He. Additionally, the anomalous magnetic moment of the halo
neutrons orbiting in the vicinity of the α cluster induces an electric charge density
which contributes with a negative sign to the charge density in the nuclear center.
This so-called spin-orbit effect is stronger in 8 He than in 6 He and since its contribution is negative the effect even enhances the difference between 6 He and 8 He.
The size of the core-swelling contribution, caused by a small structural change in
the central α-cluster, amounts to roughly 5 % and 7 % increase of Rc (α) in 6 He
and 8 He [54], respectively, according to ab-initio Green’s-Function Monte-Carlo
calculations. Finally, the finite size of the proton and the neutron must be taken into
account.
All these contributions can be added to the point-proton radius of a nucleus rp2 
according to


 2  2
 2  2 
N
32
+ Rn2 + rso
rc = rp + Rp2 +
+ rmec
(6.48)
2
Z
4Mp2 c
with Rp = 0.8775(51) fm [55, 56] being the charge radius of a proton, Rn =
−0.1161(22) fm [55, 56] the neutron charge radius and Mp the mass of the proton. More subtle effects are also included in Eq. (6.48), namely the Darwin-Foldy
term (second term within the parentheses), accounting for the “Zitterbewegung” of
the proton due to virtual particle-antiparticle pairs that surround the ‘bare’ proton.
Even a hypothetical point proton, would thus acquire a mean-square charge radius
2
of 32 /(2Mp c)2 = 0.033 fm2 . The spin-orbit term mentioned above is denoted rso
2  beand additionally one has to take into account meson-exchange currents rmec
tween the nucleons, which also contribute to the charge radius.
The most prominent neutron-halo nuclei are 6,8 He, 11 Li, and 11 Be and the laser
spectroscopic determination of their charge radii has been achieved within the last
decade, based on new experimental techniques presented in the next section and the
ab-initio atomic structure calculations discussed above. Additionally, charge radii
measurements of light neon isotopes are presented since 17 Ne is the only protonhalo candidate that has been addressed by laser spectroscopy so far. It should be
mentioned that the investigation of halo nuclei is a very active field of research, theoretically as well as experimentally. Here we address only laser spectroscopy, but
high-precision Penning-trap mass measurements of these exotic nuclei have contributed considerably to the results discussed here since they were absolutely essential for the mass shift calculations [18]. We refer to some recent review articles on
halo nuclei for further studies, e.g., [57, 58].

6.4 Measuring Charge Radii of Halo Isotopes
6.4.1 The Challenge of Halo Nuclei
During the last decade tremendous progress was achieved in the determination of
the ground state properties of the lightest elements from hydrogen up to beryllium
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by laser spectroscopy studies at on-line facilities. This region of the nuclear chart
is of great interest since the high-accuracy data from laser spectroscopic investigations provide important benchmarks for ab-initio nuclear structure theories. Such
calculations, performed, e.g., with the Quantum Monte-Carlo or the No-Core Shell
Model approach can only be carried out for the lightest nuclei up to 12 C. Moreover,
this region is the realm of halo nuclei as discussed above.
In the lightest elements, the mass shift exceeds the field shift contribution to the
nuclear charge radius by four to five orders of magnitude. Hence, the isotope shift
has to be measured with an accuracy of 1–10 ppm. For helium and lithium the field
shift contribution to the isotope shift is on the order of 1 MHz whereas the mass shift
between 8 He and 4 He is about 65 GHz. Hence, the isotope shift has to be measured
to an accuracy of about 100 kHz, which corresponds to the Doppler shift of near-UV
light at 389 nm experienced by an atom traveling at a velocity of only 4 cm/s. This
has to be compared with the recoil velocity of a 4 He atom after the absorption or
emission of such a single UV photon, which is about 26 cm/s and therefore already
6 times as large. This, in combination with the fact that the halo nuclei are produced
only in minute quantities and—once produced—decay after a time considerably less
than a second, is the challenge of laser spectroscopy on halo nuclides. So far radioactive isotopes of helium, lithium and beryllium have been studied and for each element a dedicated spectroscopic technique was required. For helium, the atoms were
cooled down to low temperatures in a magneto-optical trap (MOT) and kept at this
temperature during the spectroscopic investigations [59, 60], whereas for lithium a
two-photon excitation was chosen that is in first order Doppler-free and therefore
independent of the atomic motion [61]. Contrary, for the beryllium isotopes an approach turned out to be appropriate that actually facilitates the Doppler shift of fast
atoms instead of avoiding it [50, 51]. These different techniques will be briefly described in the following sections. Additionally, beryllium ions have been captured
in a radio-frequency trap, laser cooled and investigated using an microwave-optical
double-resonance technique [62–64]. Previously, radioactive lithium and beryllium
isotopes were studied with a combination of laser spectroscopy and nuclear magnetic resonance with β-asymmetry detection in order to extract the nuclear moments [65].

6.4.2 Helium: Spectroscopy on Cold and Trapped Atoms
The isotope 6 He was the first halo isotope for which a nuclear charge radius was
determined by laser spectroscopy [59]. 6 He was produced at the ATLAS accelerator, Argonne, in a transfer reaction of a 7 Li beam on carbon: 7 Li (12 C, 13 N) 6 He.
Later at GANIL, Caen, spallation of a 13 C beam impinging on a hot graphite target was used to produce 6 He and 8 He simultaneously at rates of about 5 × 107 and
1 × 105 atoms/s, respectively [60]. Singly charged ions were produced and delivered
into a low-radiation area, where the beam was stopped in a thin hot graphite foil and
released as neutralized helium. In both cases, the gaseous reaction products were
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collected with a turbomolecular pump and the exhausted material mixed with krypton carrier gas and fed into a gas discharge cell. The gas discharge was used for an
excitation of the helium atoms into the metastable 1s 2s 3 S1 state, because laser excitation from the ground state would require a laser with a wavelength of λ < 53 nm,
which is not available. Out of the metastable state, which has a lifetime of several
hours, laser excitation can be performed with infrared light at 1083 nm into the
1s 2p 3 P0,1,2 states or into the 1s 3p 3 P0,1,2 states in the near ultraviolet region at
389 nm. Both transitions were employed for the measurement of the charge radius.
The infrared transition served for laser cooling, capturing and trapping, and the ultraviolet transition was applied for the isotope shift measurement. The principle of
laser cooling and trapping will be briefly described in the following paragraphs.
During the absorption process of a photon by an atom, energy and momentum conservation must be obeyed. The energy of the photon is used to excite
an electron in the atom into an energetical higher orbital and the photon momentum p = k leads to a change of the velocity of the atom. When we consider first an atom with mass M at rest in the laboratory frame absorbing a
photon, the momentum conservation requires that the atom acquires a velocity
of υ = k/M = h/λM = hν/Mc or β = υ/c = Eγ /Mc2 . A 6 He atom excited
with an ultraviolet photon (Eγ ≈ 3 eV) has therefore a recoil velocity of roughly
υ ≈ 3 / 6 × 10−9 c = 5 × 10−10 c ≈ 15 cm/s. Please note that this velocity change
of the 6 He atom—caused by a single photon—leads to a Doppler shift of approximately νDoppler ≈ ν0 β ≈ 8 × 1014 · 5 × 10−10 = 400 kHz for the next photon that
will be absorbed. Thus, the velocity of the helium atoms must be very well under
control to avoid large systematic uncertainties due to Doppler shifts. However, the
change of the velocity can also be employed to control the motion of the atom. If a
steady stream of photons is directed against an atom in motion and the frequency of
the photons is in resonance with an allowed and fast transition of the atom, photons
will be repetitively absorbed from one direction and the atom is gradually slowed
down. After each absorption, the atom must of course get rid of the excitation energy and therefore another photon is emitted. But since the spontaneous emission is
on average isotropic, the net momentum transferred to the atom in a large number
of cycles is given by
patom =

N

i=1

klaser +

N

i=1



kemission = N klaser .


≈0

(6.49)



Consequently, the laser exerts a force on the atoms in the direction of the laser beam.
The condition for this scenario is that the laser frequency stays in resonance during
the process. This can be maintained either by quickly tuning the laser frequency or
adjusting the atom’s resonance frequency using external fields. The first case leads
to the deceleration of a bunch of atoms for which the resonance condition is fulfilled
whereas other atoms are not cooled. Thus, only a part of the beam is decelerated.
If the atomic resonance is tuned along the interaction length, e.g., by applying a
varying magnetic field and employing the Zeeman effect in the atomic transition, all
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Fig. 6.8 Experimental setup for the isotope shift measurements of He isotopes (left) as explained
in the text. The upper plot (a) at the right shows the very first spectrum recorded solely with the
first 8 He atom in the MOT obtained within 0.4 s. The lower figure (b) shows an integrated spectrum
over 30 atoms, resulting in a line center fitting uncertainty of 110 kHz and a χ 2 = 0.87 assuming a
simple Gaussian profile. Figure modified from [18], ©The Royal Swedish Academy of Sciences.
Reproduced by permission of IOP Publishing. All rights reserved

atoms can be addressed with the laser beam. This is the way how it was used in the
helium isotope shift measurement.
The experimental setup is depicted in the left part of Fig. 6.8. It shows the production process on the left and the gas discharge cell, from which the atoms are
released at an average beam velocity of about 1000 m/s into the Zeeman slower. At
the entrance of the Zeeman slower, laser beams intersect the atomic beam perpendicularly for transversal cooling. The Zeeman slower is a solenoid with a magnetic
field along its axis that varies in a way that the atomic resonance condition is maintained while the atoms are being slowed down and therefore experience a strongly
decreasing Doppler shift of the laser light. This effect is compensated by a decreasing magnetic field, that leads to a smaller Zeeman splitting. Within a well-designed
Zeeman slower, the atoms can be cooled down to very small velocities. Atoms leaving the slower are cold enough that they can be captured in the shallow potential of
a magneto-optical trap.
The operating principle of a MOT is described in detail for example in [66, 67].
Briefly summarized it works like this: six red-detuned laser beams are oriented along
the axes of a cartesian coordinate system in three pairs of counterpropagating beams.
This provides a frictional force on the atoms and slows them down (optical molasse),
but does not provide trapping since the force has no spatial dependence. In order to
trap the atoms in the center of the trap the laser beams are circularly polarized and a
quadrupolar magnetic field is applied that rises linearly from the center of the trap,
produced e.g. by a pair of anti-Helmholtz coils. The magnetic field shifts the mF
magnetic substate levels in the atom and leads to a position-dependent absorption
probability. With the right choice of circularly polarized light and red detuned lasers,
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the atoms come into resonance with a laser beam only if they drift towards this laser
out of the trap center. In this way, a restoring force is realized and the atom can be
captured and cooled down to the Doppler limit
kTDoppler =

Γ
,
2

(6.50)

where Γ is the decay rate of the excited state in the two-level system. It corresponds
to typical temperatures in the range of a few 100 µK. Trapping times are limited by
collisions with residual gas atoms that transfer sufficient momentum to the atom to
leave the shallow trap potential. Another loss mechanism that is generally present
is the interaction between the trapped atoms. However, in the helium experiments
usually only a single atom was kept within the trap and therefore this process can
be neglected.
The MOT in the helium experiment was operated in a capture-mode with the
cooling lasers turned on until an atom was detected inside the trap by the strong rise
of scattered laser light. The fluorescence rate of a single atom reached a signal-tonoise ratio of about 10 after an integration time of about 50 ms. This increase was
the trigger for starting the spectroscopy mode until the captured atom was lost from
the trap either by radioactive decay or a collisional loss. Trapping rates were on the
order of 20,000 6 He atoms/h and 30 8 He atoms/h.
A problem for precision spectroscopy is the presence of the cooling laser during the spectroscopy process. The electronic levels of an atom in a laser beam are
slightly shifted due to the influence of the varying electric field. This effect is called
AC-Stark shift and increases linearly with intensity. It leads to a shift of the resonance transition and—since the intensity varies over the cross section of the laser
beam—is usually also accompanied by a broadening of the observed line shape,
called AC-Stark broadening. The relatively intense fields of the cooling laser in a
MOT can therefore have a substantial influence on the spectroscopic result if both
lasers are applied simultaneously. On the other hand, turning off the cooling laser
during spectroscopy, leads to systematic cooling or heating processes correlated
with the detuning of the spectroscopy laser. This will also lead to drastic systematic variations of the resonance lineshape. The Argonne group therefore applied
a spectroscopy scheme that avoided both processes. The cooling laser was indeed
switched off during spectroscopy but only for a very short period of time—typically
a few µs—just enough for one excitation of the atom. After this single scattering process, the cooling laser is turned on and cools the atom before the spectroscopy beam
is applied again. Additionally, the frequency of the spectroscopy laser is rapidly
scanned during this switching, in such a way that spectroscopy is performed alternately on the blue and the red-detuned side of the resonance.
A spectrum obtained from a single captured 8 He atom within 0.4 s observation
time is shown on the right part of Fig. 6.8. Extensive studies have been carried out in
order to investigate and to avoid all systematic shifts. For example the power of the
counterpropagating beams of the spectroscopy laser have to be very well balanced.
It turned out that the main systematic uncertainty is the exact trapping location of
the various isotopes within the trapping volume. If these locations are not exactly at
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trap center and therefore zero magnetic-field, a small Zeeman shift can arise. This
has been conservatively estimated to be less than 30 kHz for the 6 He–4 He isotope
shift and 45 kHz for 8 He–4 He. An important check for systematic uncertainties was
provided by studying all three fine-structure transitions 1s 2s 3 S1 → 1s 3p 3 P0,1,2 in
6 He and two transitions in 8 He. After subtracting the calculated mass shifts from
the observed isotope shifts, which varied by about 250 kHz for the different transitions, excellent agreement was reached for the field shifts. This also demonstrates
the internal consistency of the atomic structure calculations. Finally it should be
mentioned that the photon recoil effect has to be taken into account in order to
obtain the correct isotope shifts. The absorption process must ensure energy and
momentum conservation. An atom at rest will therefore move after the absorption
of the photon with a velocity
υrecoil =

Eγ
pγ
=
,
M
Mc

(6.51)

which requires the initial photon to carry the required amount of energy
Ekin =

pγ2
2M

=

h2 ν02
2Mc2

(6.52)

additionally to the pure transition energy hν0 . Thus, the resonance is shifted by
νrecoil =

hν02
2Mc2

(6.53)

and the difference between the corresponding shifts for 6 He and 8 He has to be taken
into account when calculating the isotope shifts. This is about 170 kHz and therefore
several times larger than the final uncertainty. More details on the helium isotope
shift measurements and its interpretation written for a broader audience can be found
in [68].

6.4.3 Lithium: Doppler-Free Two-Photon Spectroscopy
on Thermal Atoms
In the case of lithium, a trapping technique cannot be employed even though lithium
can be very well trapped in magneto-optical traps. But the short 11 Li half-life of only
8.4 ms is prohibitive for this approach. To obtain high efficiency and simultaneously
sufficient laser spectroscopic resolution to determine the isotope shift with an accuracy of 100 kHz, a combination of Doppler-free two-photon excitation with efficient resonance ionization and ion detection of the laser excited atoms was applied.
Measurements were performed at GSI, Darmstadt, (for 8 Li, T1/2 = 838 ms and 9 Li,
T1/2 = 178.3 ms) and at TRIUMF, Vancouver, for 8,9 Li and the two-neutron halo
isotope 11 Li. A simplified scheme of the setup is shown in Fig. 6.9. At both facilities,
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Fig. 6.9 Simplified experimental setup for the lithium spectroscopy (left) and level scheme with
the two-photon excitation and following resonance ionization ladder for lithium atoms. See text
for a detailed description. Figure taken from [23]. (Reprinted with permission from Phys. Rev. A
83 012516 Copyright 2011 American Physical Society)

the lithium isotopes are produced as singly charged ions, mass separated in a magnetic dipole field with ion beam energies of approximately 40 keV and transported
to the experiment, which is sufficiently far away from the hot and highly radioactive
source.
To perform high-resolution laser spectroscopy on atomic samples, the ion beam
must be stopped, neutralized and transformed into the gaseous state. This was efficiently realized by stopping the ions in a thin graphite foil. To ensure quick release
from the foil, it is heated to about 2000 K with 4 W radiation of a CO2 laser. The
laser and the ion beam are focused to a spot size of about 1 mm on the foil. Measurements of the release process showed that the implanted and neutralized ions leave
the foil within a few 100 µs, considerably faster than the half-life of 11 Li and that
the surface ionization probability is sufficiently low in the range of 10−4 .
Released from the foil, the thermal atoms do not form an atomic beam but appear
as a dilute and hot gas. Thus, laser spectroscopy must be performed very close to
the foil surface to achieve a reasonable overlap with the atom cloud and a Dopplerfree technique must be employed to reach the required accuracy. Two-photon spectroscopy has been used for the spectroscopy of the 1s → 2s transition in hydrogen
over many years with ever increasing resolution and precision (see e.g. [69–71] and
references therein). In this technique the atom absorbs two photons from counterpropagating laser beams. In the rest frame of the atom, moving with a velocity υ
in the laboratory frame along the laser direction, the frequencies of the two laser
beams are shifted according to the Doppler formula
 2
 υ
ω0 ± k·

 υ + O v .
ω1,2
(6.54)
=
≈ ω ± k·
c2
1 − υ 2 /c2
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Hence, if the atom absorbs two photons from the two counterpropagating beams,
the resonance condition reads


υ2
 ω1 + ω2 = 2ω0 + O ω0 2 = (Ef − Ei )/
(6.55)
c
and the first-order Doppler shift cancels: the combined energy of the two photons
becomes independent of the velocity and can be tuned to the resonance energy of
the atom between two states i and f. For thermal atoms, the higher order shifts
contribute on the level of a few kHz and this can be estimated and corrected with
sufficient precision to obtain an accuracy of about 100 kHz as required for the final
isotope shift. An important advantage of this technique compared to other Dopplerfree methods like saturation spectroscopy is that all atoms of the gaseous ensemble
contribute to the resonance signal, whereas in saturation spectroscopy only atoms
within a selected velocity class can contribute to the signal. Selection rules for a twophoton transition are those of two combined E1 transitions [72]. Most important is
that the two states must be of the same parity, hence  = 0, ±2, moreover J =
0, ±1, ±2 and similar for the total angular momentum F = 0, ±1, ±2. However,
in the case of an s1/2 → s1/2 transition as it is used in lithium, only F = 0 is
allowed due to angular momentum conservation.
For lithium, the two-photon spectroscopy was combined with resonance laser
ionization to guarantee both, sufficient accuracy and high detection sensitivity. Resonance ionization spectroscopy [73] was shown to be an extremely sensitive and
selective method for ultra-trace analysis. The excitation and ionization scheme is
presented on the right in Fig. 6.9. Lithium atoms in the 2s 2 S1/2 ground state are excited by two-photon absorption at 735 nm to the 3s 2 S1/2 excited state which decays
with a lifetime of 30 ns to the 2p 2 P1/2,3/2 states. A second laser at 610 nm is used to
excite the 2p 2 P1/2,3/2 → 3d 2 D3/2,5/2 transition. Finally, the 3d states can be laser
ionized by either the 735 nm or the 610 nm laser. The laser-generated ions can be
collected and detected with an efficiency very close to unity, which makes resonance
ionization superior to fluorescence detection. A specialty in this excitation scheme is
the 3s → 2p spontaneous decay that decouples the high-precision spectroscopy in
the two-photon transition from the resonance ionization in the 2p → 3d → Li+ ladder, where maximum efficiency is required to probe the successful 2s → 3s excitation. Performing resonance ionization directly out of the 3s state via the 3s → 5p →
Li+ ladder leads to large AC-Stark broadening in the 2s → 3s transition and renders
an accurate determination of the transition frequency impossible. In the 2p → 3d
transition a strong AC-Stark shift also occurs, but in this case it is even helpful. As
mentioned before, the Doppler-free two-photon excitation is in first order independent of the atoms velocity, whereas the regular E1 (single-photon) transition used
for the ionization experiences a Doppler shift and the 610 nm laser would therefore
select a single velocity class and diminish the photoionization signal. However, due
to the strong laser field, the linewidth of the transition is so much broadened that all
atoms are excited along the 2p → 3d transition independent of their velocity. Actually, the broadening obtained with the applied laser power was so strong that all three
2p 2 P1/2,3/2 → 3d 2 D3/2,5/2 fine-structure transitions were driven simultaneously.
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The excitation ladder shown in Fig. 6.9 requires a sophisticated laser system.
First, high intensities are required for the non-linear process of two-photon excitation as well as for an efficient non-resonant laser ionization. This could be easily achieved using pulsed lasers, but these do not provide the required accuracy.
Thus, a combination of continuous wave (CW)-lasers with resonant enhancement
in a passive optical resonator was applied. Laser light for the two-photon excitation
at 735 nm was produced by a titanium:sapphire (Ti:Sa) laser (≈1 W) and 610-nm
light for the 2p → 3d transition provided by a dye laser. Both laser beams were
simultaneously enhanced in a two-mirror resonator placed in such a way that its focus lies in the interaction region. This provided sufficient intensity for an efficient
two-photon excitation and ionization. For precise frequency control, the Ti:Sa laser
was stabilized relative to a power-amplified diode laser that was in turn stabilized to
a hyperfine component in a transition in molecular iodine 127 I2 . The locking chain
includes also the enhancement cavity, which is locked to the Ti:Sa laser frequency
in order to maintain the resonance condition and the dye laser is then stabilized to
the enhancement resonator in such a way that the resonance with the 2p → 3d transition of the isotope under investigation is always ensured, while the Ti:Sa laser is
scanned across the two-photon resonance.
Ions created by resonance laser-ionization are extracted from the laser interaction
region with a negative extractor voltage and focused into a commercial quadrupole
mass spectrometer (QMS) with electrostatic lenses. Ions transmitted through the
QMS rod system are focused with an exit lens and detected with a continuous dynode electron multiplier (CDEM) detector. Mass suppression between two neighboring isotopes was tested with ions of the stable isotopes 6,7 Li produced by surface
ionization in the hot carbon catcher and after optimization a suppression factor
>108 was routinely achieved. The dark count rate of the CDEM detector was about
10−2 /s.
When using CDEM detectors for detection of radioactive ions, one has to consider that the ions are usually implanted into the surface of the sensitive region. Once
these ions decay, the decay products can efficiently trigger another ion event. This
leads to artificial detection efficiencies above 100 % but depending on the lifetime
of the implanted ions the second signal is delayed relative to the ion implantation.
For laser spectroscopy that can cause cross-talk between different channels with different laser frequencies. When the laser frequency is changed on a timescale that is
fast compared to the half-life of the isotopes, the decay of those ions implanted during resonance will contribute to later channels and obscure the resonance line shape.
To avoid these effects, the laser was slowly scanned across the resonance, collecting
data at each frequency for a few seconds and then interrupting the incoming ion
beam by using a fast kicker behind the mass separator. Afterwards, the remaining
decay signals were recorded into the same frequency channel for about 5 half-lives
of the respective isotope before the laser frequency was changed to the next channel
and the ion beam turned on again.
Figure 6.10 shows a resonance profile obtained for 11 Li. The narrow Doppler-free
components are labeled with their respective F quantum numbers, according to the
selection rules discussed above (only transitions with F = 0 are allowed). Each
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Fig. 6.10 Typical spectrum
of 11 Li as a function of the
two-photon transition
frequency. Two hyperfine
lines are observed due to the
F = 0 selection rule for
such a transition. Voigt
profiles are fitted to the
experimental data points and
the residuals of the fit are
shown below the spectrum.
(Reprinted with permission
from Phys. Rev. A 83 012516
Copyright 2011 American
Physical Society)

of the two peaks was fitted with a Voigt profile. Lorentzian and Gaussian linewidths
of the Voigt profile were constraint to be equal for both hyperfine structure components.
To calculate the isotope shift, resonance positions of the individual hyperfine
components obtained from the fit, must be converted into center-of-gravity (cg) frequencies. The energy shift of the hyperfine state with angular momentum F relative
to the J -level energy is given by
EHFS =


A
A
CF =
F (F + 1) − J (J + 1) − I (I + 1)
2
2

(6.56)

with the Casimir factor CF and the magnetic dipole hyperfine constant A. It should
be noted that in first-order perturbation theory, the hyperfine structure cg coincides
with the unperturbed J -level energy and can be calculated from the two hyperfine
resonances in the 2s1/2 → 3s1/2 transition of lithium according to
νcg =

CF νF  − CF  νF
,
C F − CF 

(6.57)

where νF is the transition frequency of the respective F → F transition. For 7,9,11 Li
with nuclear spin I = 3/2, this leads to νcg = 58 ν2 + 38 ν1 . The obtained frequencies were corrected for AC-Stark shift contributions by measuring the transitions
at different laser powers and extrapolating back to zero laser intensity. This could
be performed for all isotopes besides 11 Li, which had too low statistics for a measurement at low power. Thus, the isotope shift of 11 Li was determined relative to a
measurement of the reference isotope 6 Li with the same power conditions.
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All isotope shifts of the complete lithium isotopic chain were measured to an
accuracy of 100 kHz or better and the charge radii plotted in Fig. 6.5 [39] and discussed in the theory part were obtained. The isotope shift between the stable isotopes 6 Li and 7 Li was determined by various groups in a number of transitions in
the neutral system as well as in the singly charged ion Li+ . With the exception
of the 2s 2 S1/2 → 2p 2 P1/2,3/2 (D1,D2) transitions in neutral lithium a reasonable
agreement was obtained for the change of the mean-square charge radius extracted
from these measurements and with the result from elastic electron scattering [23].
It should be noted that for this extraction the mass shift calculations for the respective transitions were required. Only the results from the D1 and D2 lines fluctuated
strongly and were mutually inconsistent. This was recently resolved and ascribed
to quantum interference (cross damping) in the unresolved hyperfine structure of
these transitions [74, 75]. The latest results bring the D-line measurements into full
agreement with the other transitions and elastic electron scattering. This provided a
very important check of the consistency and reliability of the atomic structure mass
shift calculations.
Finally it should be noted that the uncertainty of the absolute charge radii of the
lithium isotopes is much larger than those for helium. This is due to the relatively
large uncertainty of the reference radius of 6 Li. For this isotope, new and improved
measurements of elastic electron scattering or muonic atoms spectroscopy could
considerably reduce this uncertainty.

6.4.4 Beryllium and Neon: High-Accuracy Measurements
with Fast Beams of Ions
6.4.4.1 Collinear Fast Beam Spectroscopy
Collinear laser spectroscopy (CLS), also called collinear fast-beam laser spectroscopy (CFBLS) was developed in order to perform high resolution laser spectroscopy on short-lived isotopes to investigate nuclear ground-state properties at
ISOL (isotope separation on-line) facilities. It requires ion beams with low emittance and of typically 30–60 keV beam energy. Since such beams are readily available at ISOL facilities, they are often called ISOL-type beams in contrast to the
high-energy (at least several MeV/u, up to GeV/u), large emittance beams at inflight facilities. In CLS, the ion beam is superimposed with a laser beam in collinear
(parallel) or anticollinear (antiparallel) geometry. A typical experimental setup at an
ISOL or IGISOL facility is depicted in Fig. 6.11. It consists of a target-ion source
combination, where short-lived isotopes are first produced and then ionized by various processes. Surface ion sources, plasma ion sources as well as resonance laser
ionization are usually applied for the ionization. The ion source is at a high positive
potential (typical 30–60 keV), such that the ions extracted are accelerated towards
ground potential. The ions are then mass-separated in a magnetic sector field and
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Fig. 6.11 Principle of classical CLS. Radioactive isotopes are produced by bombardment of a
target with a high-energy primary beam either in a target container (e.g. at CERN-ISOLDE) or
within a gas cell (e.g. at the JYFL-IGISOL). After extraction and mass separation the ion beam
is superimposed with a collimated laser beam using electrostatic deflector plates. Additional ion
optical systems match the ion beam profile for maximum overlap with the laser beam. The ions are
either neutralized in a charge exchange cell (CEC) or directly studied in the fluorescence detection
region (FDR). When the scanning voltage applied to the CEC or the FDR results in a beam velocity
that fulfills the resonance condition of an atomic transition with the Doppler-shifted light, the laser
induced fluorescence in the FDR is detected by photomultiplier tubes (PMTs) and recorded after
signal processing in the data acquisition system

transported to the collinear laser spectroscopy beamline, where an electrostatic deflector is used to superimpose the ion beam with a laser beam either in collinear or
in anticollinear geometry.
The electrostatic acceleration has two consequences for laser spectroscopy: First,
it leads to a large Doppler shift of the resonance frequency ν0 of the ion according
to

1 − β2
ν = ν0
(6.58)
1 − β cos θ
with the ion velocity in terms of the speed of light β = υ/c and the angle between
the ion beam and the laser beam direction θ . For exact collinear (+, θ = 0) or
anticollinear (−, θ = π ) geometry, this simplifies to

1±β
ν± = ν0
.
(6.59)
1∓β
The laser frequency must therefore be blue-shifted for collinear νcoll = ν+ and redshifted for anticollinear νanticoll = ν− excitation. Please note that different isotopes
are accelerated to different velocities (at constant beam energy). These “artificial
isotope shifts” must be considered in the analysis. The second effect of the static acceleration is the longitudinal kinematic compression during the acceleration, which
leads to a strong reduction of the velocity spread of the ion beam. This was analyzed
by Kaufman [8] in a simple approach: the velocity difference υ = α between an
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ion that starts with a velocity υ1 = α inside the ion source and an ion that is initially
at rest is reduced after acceleration by the static potential difference U to





mα 2
υ =
1+
2eU



1 mα 2
1 Esource
2eU mα 2
≈
=α
=α
.
m 4eU
2 2eU
2
eU



2eU
1−
m

(6.60)

(6.61)

In the last step, the formula was generalized to an energy distribution Esource =
mα 2
2 of the ions before acceleration. Kaufmann assumed a thermal ensemble with
a Maxwell-Boltzmann distribution with energy width Esource = kT and obtained
the reduction factor

υ  1 kT
=
.
(6.62)
R=
υ
2 eU
However, additional contributions to the initial energy-width in the ion source have
to be considered. In a directly heated ion source for example, a voltage drop along
the body of the source is unavoidable and leads to an additional energy width since
the ionization occurs along a certain depth of the source. This leads to larger remaining Doppler widths. In practice, residual Doppler widths on the order of 50–
100 MHz are usually obtained in CLS and the line profile can be described sufficiently well by a Doppler or a Voigt profile.
Once the ion beam and the laser beam are superimposed, additional ion beam optics is usually present in order to shape and steer the ion beam. In the figure, only a
quadrupole doublet is shown as a representative of such devices. Afterwards the ion
beam enters the so-called charge-exchange cell (CEC) [76]. Some alkaline vapor is
generated inside the CEC by heating a small amount of solid alkaline metal. The ion
beam passing through the vapor is neutralized through ion-atom charge-exchange
reactions. This allows then spectroscopy on fast atoms. Alternatively spectroscopy
can be performed directly on the ions, either by removing the CEC from the beamline or not operating it. The CEC is followed by the fluorescence detection region
(FDR). The CEC-FDR distance should be as small as reasonably possible to avoid
optical pumping into dark states. For the same reason, interaction with the laser
light must be avoided along the beam pipe if spectroscopy is performed on the ions.
Therefore, an additional potential is applied to the FDR or the CEC, such that the
ions are slightly decelerated or accelerated when entering it.
A variable voltage applied to the FDR or the CEC has the additional advantage
that ion Doppler tuning can be applied: Varying the potential results in a variation
of the ion velocity and therefore of the Doppler-shifted laser frequency that the ion
experiences in its rest frame. Thus the laser frequency can be fixed in the laboratory
system and does not need to be scanned. Stabilizing a laser at a fixed frequency is
much easier than scanning it reproducibly in a reliable manner, whereas the voltage
can be scanned easily with high accuracy and reproducibility. A rough estimation of
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the voltage-to-frequency conversion factor for an ion with mass M is given by the
differential Doppler shift
∂ν
eν
=√
(6.63)
∂U
2eU Mc2
obtained from the non-relativistic Doppler shift.
The principle of collinear laser spectroscopy requires the extraction of the isotope
shift from the Doppler shift and therefore the acceleration voltage U must be known
to a reasonable accuracy. Usually a 10−4 measurement is sufficient, but this depends
on the mass region. Essential is here the second derivative of the Doppler-shifted
frequency, which can be calculated from (6.63) as
∂ 2 νL
1
eνL
= −√
,
∂U ∂A
2eU M 2A

(6.64)

with A being the mass number of the respective isotope. For the beryllium resonance transition at λL = c/νL = 313 nm, an acceleration voltage of 50 kV and
M = 10 amu, the differential Doppler shift is about 30 MHz/V and the double
differential shift is 1.5 MHz V−1 amu−1 . Thus, a relative uncertainty of 10−4 in
the acceleration voltage corresponds to an uncertainty in the artificial isotope shift
of ±7.5 MHz for neighboring isotopes and more than ±20 MHz for the isotope
shift between 12 Be and the stable reference isotope 9 Be. An accuracy compared to
that reached for the lighter elements He and Li is thus not possible with standard
collinear laser spectroscopy.
An alternative to CLS are measurements in a Paul trap. These where first discussed as a possible approach for isotope shift measurements on beryllium ions
[62, 77]. However, it turned out that the field-shift factor is about an order of magnitude larger for Be+ than for the neutral systems of helium and lithium [78]. This
is easily understandable since the single electron in the 2s shell experiences a much
stronger binding and thus a larger probability density at the nuclear site. A reduction of the required accuracy compared to the previous work was thus found to be
tolerable and collinear laser spectroscopy seemed to be possible if—instead of only
isotope shifts—the total transition frequency is measured with about 10−9 accuracy
as will be discussed below.

6.4.4.2 Classical Collinear Laser Spectroscopy at Its Accuracy Limits: Neon
Isotopes
For a long time, neon isotopes have been the lightest elements for which nuclear
charge radii were determined by collinear laser spectroscopy. This was achieved
by combining several techniques that allowed for a very sensitive detection of the
laser resonance condition as well as for an accurate determination of the isotope
shift as required for the light elements. A lecture note on the technique of optical
pumping followed by state-selective ionization can be found in [16]. We will shortly
summarize it for two reasons: firstly, it is partially similar to the technique applied
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Fig. 6.12 Excitation and fluorescence emission paths within the neon level scheme as applied in
CLS. For spectroscopy purposes of radioactive isotopes the excitation path, marked (a) has been
applied. When Ne spectroscopy was used for voltage calibration of the ISOLDE acceleration potential, the paths marked with (b) were simultaneously driven by a single laser being retroreflected
at the exit port of the beamline

later to beryllium and, secondly, the isotope 17 Ne is so far the only proton-halo
candidate that has been investigated by laser spectroscopy.
The neon isotopes produced at ISOLDE were ionized in a plasma source and delivered to the beamline of the collinear laser spectroscopy experiment COLLAPS.
Here, charge exchange in a sodium-filled CEC resonantly populated the metastable
[2p 5 (2 Po3/2 )3s]2 level6 as shown on the left in Fig. 6.12. The total angular momentum of J = 2 of this state has the consequence that it is metastable since the
decay into the atomic neon 2p 6 1 S0 ground state is forbidden in the electric dipole
approximation due to the difference of 2 in angular momentum. However, a transfer back to the ground state becomes possible if the atoms are excited by a laser
along the [2p 5 (2 Po3/2 )3s]2 → [2p 5 (2 Po3/2 )3p]2 transition (marked “a” in Fig. 6.12).
From the excited state, the atom can return to the ground state by a sequential
[2p 5 (2 Po3/2 )3p]2 → [2p 5 (2 Po3/2 )3s]1 → 2p 6 1 S0 decay. Thus, resonant laser excitation leads to a depopulation of the metastable state. This can be probed extremely
sensitive by taking advantage of the different cross sections for collisional ionization: While the metastable state has an ionization energy of only about 5 eV, the
ground state is bound much more tightly with an ionization energy of almost 22 eV.
The metastable state is therefore easily ionized if the atom collides with another
atom in a second gas cell located behind the laser interaction region. By deflecting
the ions behind the gas cell they can be separated from the remaining atoms and the
ratio of the two beam intensities is a measure for the resonance condition.
The second interesting point is the way the beam energy was determined. The
potential distribution inside the plasma ion source does not allow for a very precise
6 This

state designation means that the 5 electrons in the 2p-shell couple to a 2 P3/2 state. The spin
of the valence electron in the 3s shell can then couple to a total J of either 1 (3/2 − 1/2) or 2
(3/2 + 1/2). The subscript outside of the square bracket represents the J value.
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knowledge of the ion beam energy and introduces a large systematic uncertainty of
the isotope shift. To resolve this problem, a beam energy calibration was performed
using a peculiarity of the neon excitation scheme: The transition frequencies for the
[2p 5 (2 Po3/2 )3s]2 → [2p 5 (2 Po1/2 )3p]2 and the [2p 5 (2 Po3/2 )3s]2 → [2p 5 (2 Po1/2 )3p]1
transitions (marked “b” in Fig. 6.12) coincide in the laboratory frame if the first
transition is excited anticollinearly and the second one collinearly at a beam energy
of 61,758.77 eV. Using a single laser beam that is retroreflected at the end of the
beamline both transitions are excited at the same time if the condition
√
(6.65)
νL = ν1 ν2
is fulfilled [79]. Since ν1 and ν2 were well known from literature, the required laser
frequency νL could be simply calculated. With this condition the beam energy becomes
√
√
( ν1 − ν2 )2
eU = mc2
.
(6.66)
√
2 ν1 ν2
Practically, the condition was not exactly fulfilled and the two resonances appeared
separated by a few volt, which could be easily taken into account in the beam energy
calibration. With these preparations, the isotope shifts of 17−28 Ne were measured
and the charge radii extracted. The results are discussed with respect to a possible
two-proton-halo in 17 Ne in [80] and in terms of clustering, deformation, shell closures and disappearance of magic numbers in [81]. 17 Ne exhibits by far the largest
charge radius within the neon chain and this is attributed to a tail in the proton density distribution. A two-proton halo outside a core of 15 O can only develop with
a significant admixture of s 2 -character to the d 2 -orbitals.7 Since the charge radius
is very sensitive to these mixing ratios it is an excellent benchmark for theoretical
models and according to fermionic molecular dynamics calculations the s 2 contribution is about 40 % [80].

6.4.4.3 Frequency-Comb Based Measurements: Beryllium Isotopes
In order to obtain the charge radius of beryllium isotopes with an accuracy of about
1 % and taking into account the field shift factor of F = −17.02 MHz/fm2 [32, 78]
for beryllium, the isotope shift must be determined with an accuracy of about 1 MHz
or better.
As described in Sect. 6.4.4.1, beryllium is very sensitive to the exact acceleration voltage because the double-differential isotopic shift according to Eq. (6.64) is
1.5 MHz V−1 amu−1 at a beam energy of 50 keV and therefore rather large. Assuming a typical voltage uncertainty of δU /U = 10−4 , the voltage-based uncertainty
in the isotopic shift between the stable isotope 9 Be and 12 Be is 22.5 MHz. This
exceeds the requested accuracy for beryllium charge radii measurements by more
7A

one-proton halo would require a core of 16 F, which is unbound.
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Fig. 6.13 Experimental layout of the frequency-comb based CLS on beryllium isotopes. Two
laser systems applied for quasi-synchronous laser excitation on collinear and anticollinear geometry, chopped in fast sequence by mechanical shutters. Figure taken from [50]. (Reprinted with
permission from Phys. Rev. Lett. 102, 062503 Copyright 2009 American Physical Society)

than an order of magnitude, which is why classical CLS could not be applied for
this study. However, CLS was used before in order to polarize a beryllium ion beam
and to perform β-asymmetry detected nuclear magnetic resonance (β-NMR) measurements [16]. From these, the magnetic dipole and electric quadrupole moments
of 11 Li as well as the magnetic moment of 11 Be were determined for example.
The approach used for isotope shift measurements is partially related to the studies in neon described in the previous section. Again (quasi-)simultaneous excitation
in collinear and anticollinear geometry is applied. Deviating from Eq. (6.65), where
two different transitions have been probed by one laser beam, here two laser beams
with frequencies νcoll and νanticoll are overlapped with the ion beam in order to excite
the same transition in opposite geometries. Both transitions from the ionic ground
state into the fine-structure dublett of the excited 2p state (2s 2 S1/2 → 2p 2 P1/2,3/2 )
at about 313 nm were probed. The absolute transition frequency in the ions restframe ν0 was determined for each isotope with high accuracy using the relation
√
(6.67)
ν0 = νcoll · νanticoll .
Therefore the laser frequency had to be determined with an accuracy of at least
δν/ν = 10−9 , which is much higher than in standard CLS experiments.
The setup used to accomplish this task is shown in Fig. 6.13. A continuous-wave
ring dye laser at about 628 nm was applied for anticollinear laser spectroscopy and
stabilized with a phase-lock to a commercial compact fiber-laser based frequency
comb. The laser light was then transported via 20-m long fibers to a second harmonic generation (SHG) device close to the beamline and after frequency doubling
to a wavelength of about 314 nm directed along the beamline with a laser intensity

6 Nuclear Charge Radii of Light Elements and Recent Developments

271

of approximately 5 mW. A second ring dye-laser at a wavelength of about 624 nm
was stabilized to a molecular transition in iodine. This wavelength stabilization was
again repeatedly cross-referenced to the frequency comb, thus transferring the frequency comb’s accuracy to the iodine setup. The corresponding laser light was again
transported by fibers to a second SHG device close to the vacuum beamline, where
light at 312 nm was produced with similar laser power but this time collinearly
superimposed with the 50-keV Be+ ion beam from ISOLDE.
In order to clearly separate the collinear spectrum from the anticollinear spectrum, fast shutters were implemented in both laser paths, which in fast sequence
blocked alternately one of the laser beams. In a first experiment the isotopic shifts
and corresponding charge radii of 7,9,10,11 Be were determined with accuracy better than 1.5 MHz which translates to less than 1 % uncertainty in the RMS nuclear
charge radius [50]. While the laser wavelength control and laser beam alignment
contributed only with about 500 kHz systematic uncertainty to the final uncertainty
of the isotope shift, the dominating uncertainty in the total charge radius arises from
the experimental uncertainty of the reference charge radius in 9 Be.
In this first run, 12 Be was not accessible due to the low production yield and the
high but customary laser straylight background. At least at the end of the first run
the isobaric beam contamination on mass 12 was observed to be very low. This was
the motivation for a second beamtime after the implementation of an ion-photoncoincidence technique, as will be described below in Sect. 6.5.2 [51]. Therefore the
ion beam has been deflected out of the laser beam axis behind the optical detection
region and detected on a secondary electron multiplier. This signal has been fed
in a coincidence device together with the delayed signal of two photomultiplier
tubes (PMT). This upgrade of classical optical fluorescence CLS with backgroundsuppression and state-of-the-art laser control, thus enabled a precise measurement of
the charge radius of 12 Be with better than 1 MHz accuracy, which is unsurpassed for
such a light element in CLS. This was achieved even with the boundary condition
of a weak ion yield of only about 8000 ions per proton pulse, imping statistically
every 2–3 seconds onto the ISOLDE target.
The charge radii of the beryllium isotopes are plotted together with those of
lithium in Fig. 6.5. The increase from 10 Be to 11 Be is caused by the single halo neutron in 11 Be and can in first-order be ascribed to the core-recoil effect. An average
distance of 7.7 fm between the 10 Be core and the halo neutron can be extracted from
this simple picture [50]. Adding another neutron to 11 Be results in the nucleus 12 Be,
which has a two-neutron separation energy of S2n ≈ 3.7 MeV and is therefore not
expected to be a halo nucleus. This is supported by the experimentally determined
matter radius of 12 Be of 2.59(6) fm that is considerably smaller than the 2.73(5) fm
of 11 Be [82]. The charge radius exhibits the opposite trend and increases further.
This is ascribed to a promotion of the neutrons expected in the standard shell model
to populate the p1/2 state into a mixture of sd orbitals. According to fermionic
molecular dynamics calculations (sd)2 states contribute to approximately 70 % to
the total wavefunction. This indicates clearly the disappearance of the N = 8 magic
number as discussed in [51].
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6.5 Further Developments in Collinear Laser Spectroscopy
6.5.1 Isotope Shift Determinations Using β-Asymmetry Detection
The optical detection of the fluorescence photons from fast ion or atom beams with a
scanning voltage applied to the optical detection setup or the CEC, respectively, can
be considered the classical approach of collinear laser spectroscopy. However, this
approach has a limited sensitivity and requires typically beams of at least 104 –105
particles per second. Sensitivity is of course a critical issue in the detection of exotic short-lived nuclei and the production rates get very small further away from the
valley of stability. Thus, increasing sensitivity has been a continuous effort over all
the years in CLS and led to the development of many specialized techniques. A very
successful direction was the detection of charged particles instead of or in combination with single-photon detection. Examples are resonance ionization combined
with CLS [14], state-selective charge-exchange applied for earth-alkaline ions [83]
and state-selective ionization for rare-gases [84]. Beta-asymmetry detection has previously been used to determine nuclear moments [16] but not for isotope shift measurements. This was only recently achieved. Another technique that is more generally applicable and has enabled CLS further away from the valley of β-stability is
the usage of cooled and bunched ion beams. Both methods will be discussed in the
following sections.
Beta-asymmetry detection after optical pumping has been used previously to determine nuclear magnetic moments and nuclear quadrupole moments as described
in detail in [16]. Recently, this technique has also been used for the first time to
extract nuclear charge radii. The setup used at ISOLDE (CERN) for these measurements in the Mg chain is schematically shown in Fig. 6.14. A polarized ion beam
is obtained by applying circularly polarized light (σ ± ) to the 3s 2 S1/2 → 3p 2 P1/2
transition in Mg+ . After several excitation-relaxation processes, the atoms are transferred into the mF substate with the maximum projection along the laser direction
as depicted in the inset of Fig. 6.14. To maintain this polarization, a weak longitudinal magnetic field is applied along the beam pipe. The nuclear polarization achieved
by optical pumping is then decoupled from the electron shell in a strong magnetic
field (Paschen-Back regime) before the ion is implanted into a MgO crystal. Typical
implantation depths at 40–60 keV are of the order of a few 10 nm, deep enough
to avoid surface effects in a sufficiently clean crystal. When the laser light is applied at the resonance frequency, the polarization will build up along the beamline
and the β-decay of the implanted ions will exhibit an anisotropy in the emission
of the positrons/electrons from the β-decay. This asymmetry can be detected using
β-telescopes located between the crystal and the magnetic pole-shoes and is used as
a probe for the resonant pumping process. The intensity distribution of the emitted
electrons or positrons is given by the projection of the β-particle velocity υ on the
spin I of the polarized nuclei [85]
I (ΘeI ) = 1 + A

I
υ
· υ/c
 = 1 + A cos ΘeI ,

c
|I |

(6.68)
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Fig. 6.14 Experimental setup using collinear laser spectroscopy for optical pumping of Mg
isotopes with subsequent β-asymmetry detection. Laser induced optical pumping among the
mF -states (right) inside a magnetic guiding field leads to a polarized ion beam. After implantation inside a suitable crystal inside a strong magnetic field, the decay asymmetry is observed by
two opposite sets of scintillators coupled to photomultiplier tubes (PMT). Applying an RF-field
by some external coils (not shown in figure) can then destroy the polarization of the ions inside
the crystal and provides a nuclear magnetic resonance signal. Left picture taken from [18], ©The
Royal Swedish Academy of Sciences. Reproduced by permission of IOP Publishing. All rights
reserved

with a parameter A = aβ PI linked to the degree of nuclear polarization PI and the
β-decay asymmetry parameter aβ , depending on the change of the nuclear spin I
during the decay. ΘeI is the angle between the electron’s direction of flight and the
spin axis. The experimental observable is then the β-asymmetry defined as
a=

N↑ − N↓
,
N↑ + N↓

(6.69)

with the count rates N ↑ , N ↓ measured above and below the crystal, respectively.
The observed asymmetry as a function of laser frequency is shown together with
standard CLS fluorescence resonance profiles (green) in Fig. 6.15 as dark and grey
shaded peaks for 21,29,31 Mg.
To determine the g-factor or the electric quadrupole moment of the nucleus, nuclear magnetic resonance can be performed on the polarized nuclei. Therefore, the
laser is tuned to a frequency that provides a strong asymmetry signal and a radiofrequency is applied to drive transitions between different mF substates in order to
depolarize the sample. This has previously been applied to study—amongst others—
nuclear spins and moments of lithium, beryllium and magnesium isotopes [16]. But
here we will discuss the usage of the asymmetry signal itself for an isotope shift
measurement. Therefore, a lineshape must be fitted to the asymmetry spectrum that
depends on the polarization obtained in the optical pumping process and is also affected by the transition into the strong magnetic field. The lineshape is modelled
using a rate equation approximation for the optical pumping process and solving
the system of differential equations for the population of the individual mF states
with a Runge-Kutta algorithm. Here the experimental laser intensity and the transition strength between the hyperfine components have to be taken into account. The
adiabatic transition into the strong-field region corresponds to a movement along
the levels of the Breit-Rabi diagram from the |F, mF  to the |mJ , mI  regime. The
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Fig. 6.15 Spectral lines of singly charged Mg isotopes in the D1 transition [86]. The (Doppler–
tuning) frequency scale is relative to the reference isotope 26 Mg. The dotted lines represent the center-of-gravity position for the respective isotope as indicated. Standard fluorescence (green) spectroscopy was applied for the magnesium isotopes 22–30 Mg and 32 Mg, where the isotopes 30,32 Mg
with lower yields have been recorded by ion-photon coincidence detection. Only β-asymmetry
detection (grey and black) was possible for the isotopes 21,31 Mg. The applicability of this method
is demonstrated by a compatibility cross-check with data obtained from fluorescence spectra at
isotope 29 Mg, for which both spectra—optical and β-asymmetry—are shown. (Reprinted with
permission from Phys. Rev. Lett. 108 042504 Copyright 2012 American Physical Society)

occupation numbers in the |F, mF  system resulting from the rate equations for optical pumping are transformed into the corresponding |mI  states and the nuclear
spin polarization PI can be obtained, which determines the amplitude of the βdecay asymmetry observed in the experiment. The experimental spectra are then
fitted by varying the hyperfine structure parameters, including the center-of-gravity
of the hyperfine structure, which determines the isotopes shift.
Isotope shifts were measured with CLS for all Mg isotopes along the complete
sd-shell (21 Mg–32 Mg) using various detection techniques as presented in Fig. 6.15
taken from [86]. While the isotopes that were produced with sufficient yields were
detected in the standard optical way, the isotopes 21 Mg and 31 Mg had production
rates much too low for resonance fluorescence detection. Thus, these isotopes were
investigated using the β-asymmetry detection. In order to ensure the compatibility of optical and β-asymmetry detection, the isotope 29 Mg was detected with both
techniques. This isotope was produced in sufficiently large quantities of about 106
ions/s and its half-live of 1.3 s is short compared to the time constants for spinrelaxation processes in the MgO crystal. The isotope shifts obtained with the two
techniques agreed within 2σ which could be caused by slightly different experimental conditions or by a statistical fluctuation.
The more exotic even isotopes 30,32 Mg were optically detected using an ionphoton coincidence and restricting the observation time to about 3 half-lives of the
respective isotope after the proton pulse impinged onto the ISOLDE target.
A schematic view of a collinear laser spectroscopy setup summarizing some of
the different detection methods is shown in Fig. 6.16.
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Fig. 6.16 Overview of various detection methods for CLS. In the classical approach (a) the scanning voltage (UDoppler ) is directly applied to the FDR. For spectroscopy of atoms (b) the ions
are neutralized in an alkaline-vapor loaded charge-exchange cell (CEC) and the atoms velocity is
scanned by applying the voltage to the CEC instead of the FDR. If the detection limit in ion spectroscopy has to be increased, the setup in (a) can be upgraded to a photon-ion-coincidence setup (c)
by detecting the ions in a secondary electron multiplier (SEM) and registering only coincidences
of delayed PMT and SEM signals. For very short-lived radioactive species the β-asymmetry detection can be applied (d). Optical pumping is performed with circularly polarized light in a magnetic
guiding field and the spin polarized beam is implanted in a crystal, entangled between two opposite
scintillator-PMT arrays in a strong magnetic field

6.5.2 Photon-Ion Coincidence Detection
Laser straylight produces a considerable amount of background on the PMTs in
the classical optical detection scheme, limiting the sensitivity at very low yields of
radioactive isotopes. This background can be reduced if the photomultiplier signal is
gated with a signal of a particle detector downstream the beamline [87], as shown in
line (c) of Fig. 6.16. This coincidence technique ensures that only those photons get
accepted that appear at a time when an atom or ion was definitely passing through
the optical detection region. Therefore, the photon signal is delayed by electronic or
digital means for the time required for the particle at the corresponding beam energy
to fly from the optical detection region to the particle detector. The flight time can
be determined using e.g. a time to digital converter or a multi-channel scaler (and
an isotope with sufficiently large production rate). An appropriate way to delay the
photon signal has to be used to avoid dead-time losses. The width of the gate has to
be chosen according to the length of the optical setup. An increase in signal-to-noise
of a factor of 1600 has been demonstrated in past experiments [87] and recently it
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has been applied in the detection of 12 Be and 30,32 Mg as presented above. This
technique is limited by the existence of strong isobaric contaminations, which can
hardly be suppressed in many regions of the nuclear chart.
An inverse approach to reduce background from scattered light is to bunch the
ions and let them pass the detection region as a short bunch. In this special case all
fluorescence events occur during a short period of time corresponding to the length
of the ion bunch.

6.6 Towards the Limits: Improving Sensitivity with Cooled
and Bunched Ion Beams
Collinear laser spectroscopy, as all other low-energy experiments on short-lived radioactive isotopes, benefits from ion beams with high brilliance. To reduce the emittance beyond the standard ISOL-like beam quality, beam cooling is beneficial for
CLS since the laser-ion beam-overlap can be improved, laser straylight reduced and
the ion beam transport efficiency increased. This is particularly crucial for weak
exotic beams with yields of only a few hundred ions per second. Various cooling
mechanisms have been applied for ions in traps and storage rings, such as stochastic, electron, resistive, sympathetic, buffer-gas and laser cooling. Cooling is usually a statistical process that requires multiple interactions of the ion or atom to be
cooled with the cooling medium. An ion beam can therefore either be guided multiple times through a cooling device like in a storage ring, where cooling is applied
for very short times on each turn, or it can be slowed down and even stopped in
a trap in order to obtain sufficient interaction time. In this regard buffer gas cooling has been established as the most universal cooling mechanism for short-lived
radioactive isotopes and has been applied at several facilities.
The first buffer-gas cooling in a linear radio-frequency quadrupole (RFQ) was
proposed and applied by Douglas and French [88]. Since then this technique
has been established as standard technique for ion beam emittance improvement
at various radioactive on-line facilities, for example at ISOLDE/CERN [89–91],
IGISOL/University of Jyväskylä [92], LEBIT/MSU [93], and ISAC/TRIUMF [94].
Additional to the radio-frequency potential during the buffer gas cooling, the RFQ
structure can be segmented in order to apply a DC offset potential. This idea was
first proposed at McGill University in 1997 [95], applied for mass measurement by
Herfurth and coworkers [89] and later for collinear laser spectroscopy by Nieminen
et al. [92, 96]. In CLS the application of the gas-filled segmented RFQ leads to a
suppression of background and increase in sensitivity.

6.6.1 Principle of a Radio-Frequency Quadrupole
A linear RFQ is a structure formed by four rods which are oriented as shown in
Fig. 6.17. In order to store the ions inside a linear RFQ, the ion beam must be
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Fig. 6.17 Schematic cut-drawings perpendicular to the symmetry axis (left) and side view (right)
of a segmented RF-quadrupole. The potential shown below displays the DC offset potential in
trapping mode (solid line) and for the extraction of the cooled ion bunch (dotted line)

decelerated first. Thus, the RFQ is installed on a high-voltage platform to which a
potential similar to that of the ion source is applied. On the left side of Fig. 6.17, a
simplified cut-drawing perpendicular to the symmetry axis is shown and on the right
a cut through the central symmetry axis as indicated in the left figure. Opposite rods
are connected to the same radio-frequency (RF) potential, while adjacent rods are
shifted in phase by 180◦ . In conventional quadrupole mass filters the rods are not
segmented and a single DC-potential is applied at each of the four rods, whereas for
RFQ coolers and bunchers each rod is segmented and individual DC potentials can
be applied to each segment.
Inside the RFQ the ions are confined by the electric field generated by the voltages U (t, i) applied to the rods,
U (t, i) = URF · cos(ωt + φ) + UDC,i ,

(6.70)

where the first term is the quadrupolar radio-frequency field of a two-dimensional
Paul-trap [97] and the second term in Eq. (6.70) describes the DC-offset potential of
the individual RFQ-segment i of the RFQ structure. Recently, a first RFQ has been
realized and applied for laser spectroscopy, which is driven by a digital squarewave excitation [94] instead of the cos-like function given in Eq. (6.70). A typical
DC-potential trend is shown on the right in Fig. 6.17. The solid line represents the
applied offset-potentials during the accumulation and cooling time. Additional to
the transverse confinement of the ions created by the quadrupole fields of the RFQ,
the longitudinal potential well allows for the axial trapping.
For cooling the RFQ structure is filled with a chemically inert buffer gas like
helium at typical pressures of the order 10−2 –10−1 mbar. To minimize chargeexchange processes the buffer gas should have a high ionization potential. Through
the interaction of the ions with the buffer gas the ions are slowed down and dissipate energy by collisions with the gas atoms inside the RFQ structure. Thus the ions
transversal oscillation amplitude in the quadrupole field is reduced, which inherently leads to reduced mass separation properties of the RFQ. Moreover, the axial
kinetic energy decreases during the passage through the structure. The entrance potential of the RFQ as shown in Fig. 6.17 is chosen in such a way that the ions can
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just overcome the potential wall and enter the RFQ, but are captured between the
second potential wall at the exit of the RFQ and the entrance potential as soon as
they have lost a small part of their energy in buffer gas collisions. Hence the ions
are multiply reflected and successively cooled down into the potential minimum.
The final kinetic energy of the ions is limited by the cooling gas temperature. For
a detailed description and simulations of the gas-ion interaction for cooling in a
segmented RFQ see for example [89, 98] and references therein.
Using fast switches, the potential of the last RFQ segments can be lowered after a certain cooling time tcool , which creates a potential as indicated by the dotted
line in the right of Fig. 6.17. The ions can then leave the RFQ as a bunch and
are again accelerated to the initial energy reduced by the energy dissipated in the
cooling process. Depending on the accumulation and cooling time, the ions form a
short bunch with strongly reduced energy spread. In some cases [96] the remaining
energy spread of the ion bunch can be reduced down to 10−5 of the total acceleration energy, which makes the general velocity compression of CLS, as described in
Sect. 6.4.4.1, to some degree redundant. Moreover, if a fast reacceleration of the ions
leaving the RFQ becomes dispensable, a slower ion beam might provide a longer
laser-ion interaction in the fluorescence detection region. The resulting higher signal
intensity/detection efficiency for CLS has not been tested yet and is to be investigated.

6.6.2 Applications of Ion Bunchers in CLS
The main background source of classical CLS with optical fluorescence detection
is of continuous nature. It is typical detector noise of the PMTs and the usually
dominant laser straylight created inside the vacuum beamline and scattered onto the
PMTs. Typical rates are of the order of a few 1000 to 10,000 counts per second,
covering the desired fluorescence signal of weak ion beams. By gating the optical
detection count rate synchronized with the ion bunch passing the PMT in the detection region, this continuous background is suppressed. The suppression factor S can
be simply estimated by the ratio of the sampling and cooling time T and the bunch
length tgate as
S=

T
.
tgate

(6.71)

The timing scheme and a typical time structure of a cooled bunch is demonstrated
in Fig. 6.18. The opening of the RFQ’s axial confinement is much shorter than the
accumulation time tcool and the cycle is then repeated with a periodicity time T . The
right half of Fig. 6.18 displays a typical time-of-flight (TOF) structure of a bunch of
101 Cd ions, recorded by fluorescence photons [99] at the COLLAPS setup. The abscissa displays the time relative to the opening of the RFQ and thus the ions time of
flight from the RFQ towards the COLLAPS optical detector. A time window tgate of
only 2 µs (depicted by the dotted lines in Fig. 6.18) can be used as coincidence gate
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Fig. 6.18 Schematic timing cycle of the DC-potential of the last RFQ electrodes (left) and the
time structure of a 101 Cd ion bunch (right) obtained at ISCOOL (ISOLDE). The bunch structure
was observed by resonance fluorescence detection at the COLLAPS setup and exhibits a temporal
width of about 2 µs after a cooling time of tcool = 50 ms [99]

for the laser spectroscopy data recording. For the TOF spectrum shown in the right
half of figure Fig. 6.18, which was recorded with a cooling time of tcool = 50 ms ≈ T
in the ISCOOL cooler [90, 91] at ISOLDE, a gating window of tgate = 2 µs yields,
according to Eq. (6.71), a background suppression factor of S ≈ 25,000. Practically,
a slightly larger time window was used during the measurements in order to be insensitive to small variations of the flight time. With this technique exotic ion beams
with very low ion yields came into reach for CLS. Figure 6.19 shows laser spectra
of 174 Hf from the pioneering work of Nieminen and co-workers [96], which were
simultaneously recorded gated and ungated at the IGISOL facility. The cooling time
was 500 ms, applying a gate window of tgate = 28 µs. Achieving similar background
suppression as given in the example shown in Fig. 6.19, Nieminen et al. extrapolated
a so far unsurpassed lower detection limit for classical CLS with optical detection
of ≈50 ions/s.
It should be mentioned that this technique for background suppression is ineffective against ion-beam induced backgrounds, e.g. collision-induced residual gas
fluorescence. In the case of beams with only a few ions of the desired species, this
background is typically dominated by the much more abundant isobaric contamination in the ion beam. However, ion-beam induced background is typically several orders lower than the laser straylight and therefore negligible. It may become relevant
if a charge exchange reaction is used on a beam with large isobaric contamination
since longer-lived states populated in the CEC can contribute to the background.
At the IGISOL facility a series of refractory elements were studied with bunched
ion beams so far: zirconium [100], titanium and hafnium [101], cerium [102], yttrium [46], molybdenum [103], scandium [104] and ytterbium [105]. CLS in combination with the ISCOOL RFQ at ISOLDE was applied and has been completed for
gallium [106] and copper [107, 108]. The successful introduction of this technique
at the TITAN facility at TRIUMF was recently demonstrated by laser spectroscopy
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Fig. 6.19 Demonstration of bunched-beam laser spectroscopy. Fluorescence spectrum of 174 Hf
studied in the ds 2 2 D3/2 → dsp 2 D5/2 transition applying a laser wavelength of 301.3 nm. Both
spectra were simultaneously recorded and accumulated over 25 minutes at an ion yield of
1300 ions/s. (a) gated with tgate = 28 µs and tcool = 500 ms and (b) without gating. (Reprinted
with permission from Phys. Rev. Lett. 88 (2002) 094801 Copyright 2002 American Physical Society)

on radioactive rubidium isotopes [109]. A small selection of physics cases will be
exemplified here.
In recent years laser spectroscopy with bunched and cooled beams was applied
at JYFL to study the sudden onset of deformation in the region around Z ≈ 40 and
N ≈ 60 and at ISOLDE to investigate the behavior of copper and gallium isotopes
above the N = 28 shell closure. As an example, studies of neutron-rich gallium
isotopes will be briefly discussed, which would have not been possible without the
sensitivity increase by the RFQ technique: According to the shell model, the groundstate spin of odd gallium isotopes should be determined by a proton hole in the
πp3/2 state as indicated in Fig. 6.20(a) while the f5/2 -orbital is not populated. However, experimentally an inversion between these states is found “between” 79 Ga and
81 Ga. This was determined by fitting the observed hyperfine structures of 79,81 Ga
depicted in Fig. 6.20(b) for different spin values [110]. The results show a clear
signature for a spin I = 3/2 for 79 Ga, as for almost all other odd isotopes of gallium that were studied (with the exception of 75 Ga, which has a collective I = 1/2−
ground state [110]) and I = 5/2 for 81 Ga. This change can be explained by the tensor force between neutrons and protons induced by pion exchange [111, 112]. The
monopole component of this force leads to an attraction of states which have l and
s coupled in the same way, i.e. either to j> = l + s or to j< = l − s, whereas it is
repulsive between proton and neutron states j< and j> . Since the induced shift of
the single-particle energy of a level j caused by the monopole interaction increases
linearly with the number of nucleons in the interacting state j  , it can induce considerable changes along a chain of isotopes (or isotones). The observed inversion in
gallium is caused by the filling of the νg9/2 subshell starting with 71 Ga. The νg9/2
level is of type j< thus the increasing number of neutrons reduces the energy of
the πf5/2 and increases the energy of the proton in the πp3/2 level (j> ) until the
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Fig. 6.20 (a) Population of nuclear orbitals of gallium isotopes according to the standard shell
model. Indicated is the influence of the monopole moment of the tensor force acting between
neutrons in the ν g9/2 -orbital and protons in the π p3/2 , and π f5/2 orbitals. (b) Hyperfine splitting
of 79 Ga and 81 Ga. The spectra must be fitted with different spins (I = 3/2 for 79 Ga and I = 5/2
for 81 Ga) in order to get consistent results. (c) Calculation of proton single-particle energies of
68–78 Ni as a function of neutron number [112]

πf5/2 becomes the ground state. For illustration this is shown in Fig. 6.20(c) where
the calculated proton single-particle energies for 68–78
28 Ni are plotted as a function
of neutron number [112]. The dotted lines represent calculations without the tensor
force (central force only) and the solid lines include the tensor force. The strong reduction of the πf5/2 energy is clearly visible and the crossing with the πp3/2 orbital
appears around N = 45.
Besides the increase of sensitivity with bunched ion beams, the accumulation
and cooling time in the RFQ provides a possibility for measuring lifetimes of nuclear isomers as an additional spin-off: In a few cases the laser spectroscopy pattern
of a well mass-separated ion beam provides more lines than expected from a single
isotopic species. This fact can then be attributed to the simultaneous presence of
radioactive isotopes in the ion beam not only in the nuclear ground state but also to
a certain amount in one or more isomeric states. In order to distinguish among these
nuclear states, the cooling and therewith the retention time of the radioactive ions inside the RFQ can be varied and prolonged. Thus the observed transition lines which
are caused by the shorter-lived species will become weaker, as they are decaying
during the cooling time and will be suppressed in the observed spectrum.
This allows for an identification of the lifetime difference of the components
and in conjunction with a known ground-state life-time may be used to measure or
at least to estimate a life-time of the isomeric state. However, it should be noted,
that an unambiguous identification of the ground state and the isomeric states is not
possible solely by laser spectroscopy if no additional information about the ground
state is available (e.g. spin, lifetime etc.). In that case only mass measurements or
radioactive decay spectroscopy can provide the required information. But laser res-
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onance ionization may provide means to know which ions are injected into the trap
or delivered to the decay-spectroscopy setup, as demonstrated, e.g., in [113].
In case of rather long-lived states no influence of the constituents can be observed
by varying cooling times. Consequently the longest applied cooling time, which did
not show any decay losses in the RFQ, can then serve at least as an estimate for
the lower limit of the states lifetimes. This was for example conducted for 80 Ga and
provided a lower lifetime limit for the isomer 80,m Ga of T1/2 ≥ 200 ms [110].

6.6.3 Optical Pumping in the Cooler and Buncher
The atomic state delivered from the ion source—in most cases the ionic ground
state—may present a bottleneck which hampers laser spectroscopy for various reasons:
1. In some cases laser excitation from the ground state (GS) of the ion into the first
excited state (FES) is technically hard to access with high-resolution CW lasers
due to a required wavelength in the deep ultraviolet regime. Wavelengths below
250 nm are hard to realize using higher harmonics generation. Even though CW
frequency-quadrupling has been recently applied to generate 215 nm for laser
spectroscopy on cadmium [99], its technical complexity makes it inconvenient
for routine operation.
2. Some elements suffer from weak oscillator strengths of their ground-state transitions. From this it follows that the transition can only be weakly driven by
reasonable laser powers and that the FES has either a weak branching ratio back
into the ground state or a relatively long life-time. Both cases strongly reduce the
fluorescence signals that can be obtained while the ions are passing through the
optical detection region. Charge exchange to the neutral atom might also not be
the best option if it is non-resonant and results in a wide distribution of populated
states.
3. Not only technical but also physical constraints make certain transitions from
the ground state inappropriate for spectroscopic studies of nuclear moments. Especially J = 0 → J = 1 transitions have the drawback that the corresponding
hyperfine structure splitting will provide at maximum 3 lines, from which a simultaneous and independent determination of the magnetic dipole moment μI ,
AA and the
the spectroscopic electric quadrupole moment Q0 , isotope shift δνIS
nuclear spin I is not possible. For this purpose transitions from metastable, states
with a higher J value are preferred.
In all of these three cases a laser-based optical manipulation of the ions might
offer an appropriate tool to use transitions that are better suited for CLS. Ideally this
manipulation takes place during the cooling and accumulation time in a gas-filled
RFQ, as described above, since this provides sufficient laser-ion interaction time and
a well-matched ion confinement for efficient geometrical overlap of the ions with
the laser beam. Centerpiece of this manipulation is the excitation by high-power
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Fig. 6.21 Shown on the left side is the general working principle of optical pumping in the RFQ
applying pulsed lasers for population of a new meta-stable starting point for high resolution laser
spectroscopy. As an example application, the optical pumping and spectroscopy scheme for singly
charged yttrium ions [114] is shown on the right

(pulsed) lasers8 from the GS and—with the aid of an supportive branching-ratio—
subsequent relaxation into a meta-stable state that serves as a new “ground state”
GS* for laser spectroscopy. This process is illustrated in Fig. 6.21 and generally
known as one instance of optical pumping. From this metastable state spectroscopy
can then be performed with appropriate transitions for laser excitation.
The laser system which is ideally suited for optical pumping differs from the
spectroscopy laser system in many ways as it has to meet the following technical
requirements:
• the laser system should be pulsed, as (opposite to CW lasers) this enables simple
and efficient higher harmonic generation of the second, third and fourth harmonic
due to the high energy density in the laser pulse
−1
• the repetition rate νrep should be sufficiently high (νrep  tcool
). Otherwise the
ions can not run through several excitation cycles for optical pumping before the
bunch is being extracted out of the RFQ.
• for efficient laser excitation the laser linewidth should be matched to the spectroscopic linewidth of the ion ensemble in the RFQ. Although the natural linewidth
of these allowed dipole transitions in the ion is usually of the order of a few MHz
only, the buffer gas interaction inside the RFQ leads to a collision-broadening and
results in a linewidth of typically several GHz.
In pioneering experiments at the IGISOL-facility a Ti:Sa laser system with a repetition rate of νrep = 10 kHz [115] was used, which was originally designed for
laser-ion-source applications [116]. The efficiency of optical pumping was demonstrated by Cheal and coworkers for example in a test measurement using Y+ ions
8 High-power lasers in this respect means lasers with higher output power than typically available
for CW high-resolution laser spectroscopy.
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Fig. 6.22 Effect of optical pumping on the ground state population of a cooled yttrium ion bunch
at the IGISOL facility [117]. The solid line represents a CW laser spectroscopic resonance in the
311-nm transition from the ground state as it is depicted in the inset. The dotted line represents
the response after applying optical pumping along the 224 nm transition. The pumping process
apparently transfers the ground state population efficiently into other levels and a fluorescence
signal cannot be observed anymore. (Reprinted with permission from Phys. Rev. Lett. 102, 222501
Copyright 2009 American Physical Society)

[117]. The result is depicted in Fig. 6.22. When exciting the yttrium ions from the
ground state with classical collinear laser spectroscopy and using a CW laser at a
wavelength of 311 nm, the hyperfine resonance pattern represented by the solid line
was observed. The response after optical pumping with the pulsed Ti:Sa laser system at 224 nm is represented by the dotted line. It shows that the optical pumping
process with this pulsed laser system is very efficient and apparently the ground
state population is almost completely removed.
A number of refractory transition elements has been studied so far utilizing the
optical pumping method. In the case of manganese the challenging wavelengths for
the transitions from the ground state were circumvented by optical pumping with
frequency quadrupled pulsed laser light at 231 nm. Subsequent high-resolution laser
spectroscopy was performed at 295 nm starting from the 3d 5 4s state at 9473 cm−1
above the ions ground state [118]. A very weak oscillator strength has been overcome in the case of niobium by optically pumping with laser light at 286 nm again
with pulsed lasers and performing nuclear laser probing with CW laser light at
291 nm starting from the 4d 3 5s level at 2357 cm−1 [117]. In the case of niobium as
well as in the on-line studies of 100 Y an unambiguous spin determination was hampered by the J = 0 → J = 1 transition from the ground state [114]. Applying the
optical pumping scheme with the adjacent spectroscopy transition shown in detail
on the right side of Fig. 6.21, the nuclear spin of the isomer 100,m Y has been determined and in combination with γ -spectroscopic data the ground state configuration
was identified.
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The optical pumping method has a high potential and can be extended to other
transition metals and probably even beyond. Up to now this technique was only
applied at the IGISOL facility, but can be transferred to other RFQ cooler and
buncher installations as long as they provide optical access. Studies of manganese
isotopes including optical pumping in ISCOOL are currently planned for example
at ISOLDE/CERN [119].

6.7 Future Prospects
Laser spectroscopy of radioactive nuclides has now been performed in quite a substantial part of the chart of nuclei [17, 18]. However, the most interesting regions
close to the proton and neutron drip lines have been reached in only a few cases.
In addition, information is scarce in the region of refractory elements around iron
(Z = 26) because of the lack of efficient production schemes at ISOL facilities.
Similarly, there are gaps in the region of refractory elements around molybdenum
(Z = 42) and tungsten (Z = 74).
A major challenge in the upcoming years will be the coupling of CLS stations to
the next generation in-flight facilities. In contrast to the ISOL-type ion production
mechanism, the in-flight method forms a radioactive ion beam from fragments of a
nuclear reaction of relativistic projectiles with atoms in a thin target. The demanding task is the transformation of the resulting relativistic fragment beam with the
inherent huge emittance and energy-spread into a narrow collimated ion beam with
narrow energy distribution and low emittance, so that it can be efficiently used for
CLS.
The transformation of the in-flight fragment ion beam is accomplished in dedicated ion catcher devices, so-called “gas-cells”. These vacuum chambers are filled
with noble gas (typically helium) at pressures of the order of a few tens to several
hundreds of mbar and are internally equipped with different versions of drift and
guidance electrodes outside a stopping region inside the gas. The ions are entering
the gas cell after being slowed down by the passage through previous solid-state
energy degraders and create a large number of electron-ion pairs in the gas (in the
order of 1 pair per 10–100 eV energy loss of the initial ion in high purity helium gas,
depending on experimental conditions). Common to most9 of the gas cells are (i) the
inside lining of the gas cell walls with so-called radio-frequency carpets [120] which
keep the heavy ions away from the walls and (ii) the extraction of the buffer gas
cooled ions at the transition from the high pressure regime to the vacuum through a
thin exit nozzle, in some cases carried out as a radio-frequency orifice.
The individual technical realizations of these gas cells are diverse. Based on the
successful operation at the ATLAS facility, a conventional cylindrical gas cell [121]
operated at room temperature has been implemented at the CARIBU facility [122]
9 Exception here are small cells as used, e.g., for ion-guide applications at Jyväskylä or Louvainla-Neuve.
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at Argonne National Laboratory. A speciality here is that the radioactive isotopes
are not injected but directly created inside the gas cell by spontaneous fission of
a macroscopic amount of 252 Cf. For the BECOLA laser spectroscopy experiment
[123] at the Michigan State University the radioactive ions produced in-flight in
the A1900 fragment separator (and in the future from the FRIB accelerator) are
moderated in a gas cell as well. Upstream of the BECOLA beamline the ions will
be either injected into a conventional gas cell similar to the one at Argonne National
Laboratory or into an inverted10 cyclotron [124]. The latter has the advantage of
decoupling the region of where the most parasitic space charges are created from
the region where the thermalized ions are finally stopped and extracted. Due to the
spiral shape of the ions trajectory in the magnetic field, even long flight paths before
stopping are feasible in the cyclotron. This allows for comparably lower buffer gas
pressures inside the structure with all its advantages such as shorter transport time
of the cooled ions and higher applicable potentials in the gas [124].
The LASPEC collinear laser spectroscopy experiment [125, 126] will be placed
at the low-energy branch of FAIR’s Super-Fragment-Separator and supplied from
a linear gas cell. Deviating from all of the other gas cells mentioned above, this
one is operated at a cryogenic temperature of about 60–80 K [127]. This provides
higher gas densities (for helium: 250 mbar at 60 K ≈ 0.2 mg/cm3 provides a similar
stopping power as 1200 mbar pressure at room temperature [127]) and therefore the
cell is more compact than conventional cells at room temperature. The cryogenic
operation of the He gas additionally removes the necessity of a gas purification
system aiming for a 1-ppb impurity level or even better, because contaminations to
the He buffer gas or outgassing from the electrode materials are just frozen out. First
tests have recently been successfully conducted at the current fragment separator at
GSI [128].
Applying gas cells will extend the range of accessible isotopes for laser spectroscopy further away from the region of β-stability towards the so-called r-process
path, as well as into regions that are currently not accessible. The final limitation
besides the limited yield from the in-flight production process is the individual extraction time out of the gas cell. Exotic species will only be available if the time
span required for extraction and reacceleration is shorter than or at least comparable
to the lifetime of the exotic ion.
Moreover, a variety of new CLS experiments have recently started or are under preparation at on-line facilities. In combination with the installation of the
TITAN-facility [129] at TRIUMF, the local CLS station—previously mostly applied for the generation of optically polarized beams of 8 Li for nuclear magnetic
resonance studies—gained new momentum [109]. Within the Spiral-2 upgrade
at DESIR/GANIL there will be a designated beamline for a CLS station called
LUMIERE [130], which is currently under preparation.
Future developments of CLS in the near future will further focus on increasing
sensitivity and—for special purposes—accuracy. The increase in sensitivity will be
10 “Inverted” as it decelerates instead of accelerates the ions, as in typical applications of cyclotrons.
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derived from the ongoing evolution of the methodical developments discussed in the
previous sections. There are two starting-points for an increase in accuracy:
• Laser wavelength control and measurement by means of modern quantum optics. The laser wavelength stabilization can be implemented with a modern, compact fibre-laser based frequency comb, as demonstrated for the CLS measurement
along the isotopic chain of beryllium [51] at COLLAPS. With this technique the
laser frequency can be controlled even during longer experimental runs or can
even be reproduced after a longer experimental break (e.g. between two experimental campaigns) with better than 1 MHz accuracy and/or repeatability. The
TRIGA-LASER setup [131], which is a prototype of a part of the LASPEC setup,
applies this technique routinely. At the BECOLA experiment the implementation
of this technique is intended as well.
• Improvement of the acceleration-potential measurement. This second aspect for
increasing the accuracy of CLS addresses the measurement of the initial acceleration potential of the ion source or RFQ, if applicable, as well as the high voltage
of the Doppler-tuning voltage applied either to the FDR or the CEC. With typical
equipment at the various on-line facilities, these voltages can be determined with
an accuracy and reproducibility of about 100 ppm at best. This represents a limit,
especially for light elements as discussed above.
This uncertainty in the acceleration potential had already a verifiable impact in
the past: In a sequence of experiments on magnesium ions at ISOLDE, a discrepancy in the isotope shift measurements was observed which could be attributed to
the use of different high voltage measurement systems. After a recalibration of both
devices [132] with one of the world most precise voltage-dividers with ppm accuracy [133], the results of the individual beamtimes have been brought in agreement
with each other [132] as well as (within systematical and statistical uncertainties)
with independent high-accuracy ion-trap laser spectroscopy on stable magnesium
isotopes as reported in [134].
The utilization of a mobile voltage divider with stabilized environmental conditions, which is aiming for a 10-ppm accuracy and stability and an applicability up
to 100 kV is currently under development at the TRIGA-Laser experiment and the
Technical University of Darmstadt. In case of a successful completion of this development, a few mobile devices of this type, which are than more sophisticated than
any commercially available solution, can be transported to different on-line facilities
for high-voltage measurement and monitoring during an on-line beamtime or in order to assure identical conditions among two consecutive experimental campaigns.

6.8 Conclusion
After the proposal of collinear laser spectroscopy in 1976 [8] and its first realization
in 1977 [9], a variety of laser spectroscopy stations have been initiated and operated at different places all over the world. Nevertheless, throughout the last three
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decades only the collinear laser spectroscopy experiment at the IGISOL facility
and the COLLAPS experiment at ISOLDE/CERN have been and still are the work
horses for laser spectroscopy on a broad spectrum of radioactive isotopes. Affected
by the impact and success of these studies and the continuous technical development, partially described in this lecture, the advent of the next generation on-line
radioactive ion beam facilities initiated a renaissance of collinear spectroscopy all
over the world.
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