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His team will look at astatine isotopes with mass 
numbers 193-220.  They expect to see the 
nuclei change from discus-shaped at the lower 
mass numbers to spherical around the magic 
neutron number (211At) and then pear-shaped 
for the heavier isotopes.  The shape changes 
show how the interplay between the individual 
and collective behaviour of nucleons (protons 
and neutrons) changes as the number of 
neutrons increases.  
 
Being able to observe and measure these 
minute changes in the atomic nucleus is only 
possible due to the unique combination of 
precision instrumentation and experimental set-
ups at ISOLDE.  And that’s what continues to 
attract UK researchers. 
 
Faster laser is a first 
 
The CRIS beamline has just taken delivery of a 
new laser, thanks to a £40k Ernest Rutherford 
Fellowship grant from STFC.  Manufactured by 
UK specialists, Litron Lasers Ltd, the new laser 
will enable researchers to look at shorter-lived, 
more exotic isotopes. 
 
The specification for the new laser was put 
together by Ernest Rutherford Fellow, Thomas 
Cocolios (Manchester).  Initially, Thomas was 
looking for several portable lasers that, between 
them, would deliver flexibility for experimental 
set-ups and the capability to capture data faster 
– at the moment the existing lasers allow the 
team to capture data every 100 ms, but the new 
laser will cut this to 10 ms.   
 
Based on Litron’s modular approach to building 
bespoke lasers, Sales Manager, Gary Newham 
looked at Thomas’ wish list and came up with a 
better idea; the result is a device with two lasers 
that can be operated separately or together.  
“Thomas wanted several lasers, but this one 
does everything. It’s upgradeable, flexible and 
easy to use.”  
 
Thomas and his colleagues are clearly keen to 
get started with the new laser, “It’s perfectly 
designed for physicists!” he says, pointing out 
the simplicity of the connection points and 

demonstrating how quickly it can be switched on 
for use. 
Gary incorporated a number of features that are 
normally only available on fixed installation 
lasers including the ability to control the laser 
from a hand held device, or remotely via existing 
software. 
 
When you’re making very precise 
measurements, the slightest vibration can affect 
your data.  For the new laser, that meant 
mounting it on INVAR rails and using a water-
cooled power supply, to provide both thermal 
and mechanical stability. It also reduces the 
noise and heat dissipated to the surrounding 
environment. It’s the first time that Litron has 
used a water-cooled system for a portable laser. 
 
There are cost benefits, too. “The new laser is 
more versatile and cheaper than the 
specification that we were originally going to 
buy,” says Thomas.  Time spent designing the 
laser will have benefits for Litron too.  “No-one 
else makes a portable dual-beam laser quite like 
this,” explains Gary.  “This design is going to be 
really popular with our other customers.” 
 
The first experiment using the new laser will 
take place in September. 
 

 
Thomas with the new laser © S Hills 

How to subscribe 
  
You can subscribe to (or unsubscribe from) UK 
News from CERN online.  
 
Back issues of UK News from CERN are 
available from the archive.  
 
Diary dates 
 
Collider in Manchester - until 28 September 
CERN Council – 15-19 September 
TEDxCERN – 24 September 
A world a particle in Liverpool - until 8 January
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Laser-assisted modern nuclear physics
• Lecture 1: 

‣ Fundamentals of the atom-nucleus interaction 

‣ Lasers for the production of radioactive ion beams 

• Lecture 2: 

‣ High-resolution collinear laser spectroscopy 

‣ Atom trapping 

‣ Anti-atomic studies
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High-resolution collinear 
laser spectroscopy

Addressing the nuclear observables 
across the nuclear chart
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Figure 8. General setup of CLS. An ion beam is superimposed with
a laser beam in an electrostatic deflector. The ion beam can be
neutralized in a charge-exchange cell (CEC) filled with a vapor of
an alkaline metal at low-pressure. The fluorescence light is detected
with photomultipliers in the optical detection region (ODR). An
additional potential is applied either to the CEC or to the ODR to
avoid interaction between the laser and the ion beam before the
ODR is reached.

in figure 8 and the resonance fluorescence is detected with a
photomultiplier perpendicularly to the flight direction. Since
the atoms are propagating parallel or antiparallel to the laser
beam with velocity � = �/c, the resonance frequency ⌫0 of
the atom is shifted in the laboratory system by the relativistic
Doppler effect according to

⌫p,a = ⌫0� (1 ± �), (20)

with the time dilation factor � = (1 � �2)�1/2. CLS utilizes
the fact that the acceleration of an ion ensemble with a
static electric potential compresses the longitudinal velocity
distribution. Thus, the Doppler width is considerably
reduced [71, 75]. In a simplified way, the kinematic Doppler
compression can be deduced using the differential variation
of energy with velocity dE = m� d�. The energy uncertainty
�E in the source, caused by the Doppler distribution ��D

of the ions, stays constant under electrostatic acceleration
with a potential U . From �E = �(m�2/2) = m� �� = const.,
it follows that any increase in velocity must be compensated
by a corresponding reduction of ��D

�� = �E
m�

= �Ep
2meU

. (21)

Since the remaining Doppler width 1⌫D = ⌫0(��/c) for a
resonance transition at frequency ⌫0 is proportional to ��D it
follows that

1⌫D = ⌫0
�Ep

2eUmc2
. (22)

Hence the Doppler width decreases proportionally to 1/
p

U
and beam energies of about 50 keV are usually sufficient
to reduce the Doppler width to some 10 MHz and therefore
into the order of the natural line width for allowed dipole
transitions. CLS has been applied on-line first at the TRIGA
reactor in Mainz [76] and soon thereafter at ISOLDE [5, 77].

The collinear geometry allows for sufficiently long
interaction times and high resolution. The velocity
dependence of the laser frequency in the rest frame of
the ion according to equation (20) can be utilized to keep the

laser frequency in the laboratory system fixed and to tune
instead the resonance frequency of the ion across the laser
frequency by changing the ion velocity. This Doppler-tuning
is usually realized by applying an additional post-acceleration
potential to the optical detection region (ODR) in which the
resonance fluorescence is detected. This has the additional
advantage that optical pumping into dark states cannot occur
before the ions enter the detection region.

Spectroscopy of fast neutral atoms can also be carried out
if a charge exchange cell (CEC), filled with a thin vapor of an
alkaline element, is mounted in front of the detection region.
The cross sections for charge exchange collisions of a beam
with ions M+ on, e.g. Cs vapor

M+ + Cs �! M + Cs+ + 1E (23)

is large (⇡10�14 cm2) at typical beam energies and leads
preferably to the charge exchange into states with 1E close
to 0 (resonant charge exchange). This provides also the
opportunity to populate metastable higher lying levels if the
electron donator is properly chosen. Doppler-tuning must in
this case be realized by applying the post-acceleration voltage
to the CEC and the ODR should be mounted as close as
possible behind the CEC. Technical details and a comparison
of two CECs—a horizontal and a vertical design as they
are in use at COLLAPS and at TRIUMF, respectively—were
recently presented in [78].

While the direct optical detection is the most
straightforward detection scheme, its sensitivity is limited
by the small solid angle, the quantum efficiency of the
detectors, background from scattered laser light and several
other factors. During the last decades CLS was therefore
combined with various other detection techniques with the
aim to increase sensitivity and accuracy of the technique
[3, 4, 79]. Some of the recent developments will be discussed
below.

Resonance ionization spectroscopy. RIS combines the large
cross section of resonant optical excitation with the very
sensitive charged-particle detection by exciting an electron in
the atom stepwise along dipole-allowed transitions until the
electron is detached from the atom and either the electron, the
ion, or both are detected. There is a multitude of arrangements
for RIS. Efficient excitation at medium to low resolution can
be obtained using pulsed lasers with bandwidths adjusted to
the Doppler width of the atomic ensemble that has to be
ionized. It has been first applied for nuclear charge radii
measurements of short-lived isotopes at Gatchina [80]. Here,
145�149Eu isotopes were produced on-line, mass separated and
collected. After the transfer into a hot atomic beam source,
laser spectroscopy was applied on the atomic beam with
the laser beams perpendicular to reduce Doppler-broadening.
For shorter-lived isotopes of europium the mass separated
ions were not collected but introduced into a hot oven were
they were neutralized and evaporated. Spectroscopy was then
again performed on the atomic beam [81]. The concept of
a hot-cavity laser ion source for on-line use was suggested
by Kluge et al [82] as well as by Andreev et al [83] and
first realized at Gatchina [84]. In this modification it is now
widely used as an ion source for element-selective ionization.
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General concept: Fluorescence Spectroscopy

• Ion beam in at ISOL 
energy 

• Tune ion beam energy 
• Neutralise ions 
• Overlap laser and excite 

atomic transition 
• Observe fluorescence 

(atomic decay) with 
photomultiplier
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Doppler compression in collinear geometry
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• The beam energy spread is determined by the ion source 
• Temperature, pressure, voltage instabilities 
• Energy spread is CONSTANT 

• Transitions are broadened by the Doppler effect applied to 
the velocity spread of the ions 

• Doppler compression
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Figure 3–2: Reduction in velocity distribution by Doppler compression. The
vertical boxes represent the same energy spread while the horizontal boxes
represent the induced velocity spread of the particles at different particle
beam velocities.

Table 3–1: Example of Doppler compression on 139La-II ions at different
energies assuming an initial energy spread of ±3eV from the temperature
distribution of the source for a transition at 538nm.

Beam Energy [eV] Frequency Spread [MHz]
3 5364

14156 55
30600 38

reducing the Doppler width of the peaks significantly. An example of such

compression is given in table 3–1.

3.1.2 Frequency scanning

The excitation of an electron, as described in section 2.1, is limited

in frequency space and is homogeneous. This gives rise to a Lorentzian

distribution which is mixed with the inhomogeneous thermal distribution of

the particles, as described in section 3.1.1, that is Gaussian. The convolution
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Chapter 4

High-resolution collinear laser
spectroscopy

4.1 General concepts

4.1.1 Doppler compression

E =
1

2
mv

2 ) �E = mv�v (4.1)

�E = mv�v (4.2)

4.1.2 Beam bunching

4.2 Collinear fluorescence

4.2.1 Concept

4.2.2
29

Cu

4.3 Absolute velocity

4.4 Polarised beams

4.5 Collinear resonance

23

Increasing v decreases δv !!
A beam energy of 30 keV (typical 
at ISOL facilities) is sufficient to 
reduce the Doppler broadening 
to the natural linewidth.



Collinear laser spectroscopy with reverse-extracted bunched beams 361

Fig. 2 (Colour on-line) Time
of flight distribution of the
resonant fluorescence signal
emitted by 78Rb bunched
atoms. The blue solid line is a
Gaussian fit to the data

Fig. 3 (Colour on-line) Resonance spectra of the D2 lines of 78,78mRb. In a the hyperfine structures
for the time-gated photons and b the ungated spectra. Total collection time was 50 min. The solid
line indicates the fitted data. The centroid position of 78Rb is used as the reference

The ground state nuclear spin of 78Rb is I = 0 and therefore there is no hyperfine
structure, which gives the single peak at the middle of the plot of Fig. 3a. For
78mRb (I = 4) there are six hyperfine transitions, separated in two clusters. The
main separation is given by the splitting of the atomic ground state, 1185.4(05)

MHz. The lineshape used to fit the data consisted of a weighted sum of Gaussian
and Lorenztian lineshapes with different widths, wL and wG. The fit was obtained
from a non-linear χ2 minimization leaving as free parameters the A and B hyperfine
coupling constants, the transition centroid WJ , the peak intensities and background.
The reduced Chi-squared was χ2

r = 1.12. The Gaussian and Lorentzian widths were
found to be wl = 7.6(16) MHz and wg = 28.5(21) MHz, respectively. The Gaussian

Beam bunching and time definition
• RFQ cooler-buncher 

• collects & traps ions 
• cools them by collisions 

in He 
• release the ions with a 

well-defined time 
structure 

• Continuous background 
• proportional reduction in 

background 
• no loss in signal
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Fig. 1. Diagram of the segmented radiofrequency quadrupole
trap.

due to the versatility and universality of these devices,
which provide beams of low emittance and the option
of a pulsed release of ions. Examples of facilities which
have such an apparatus in operation include ISOLTRAP
at ISOLDE [5], the IGISOL facility in Jyväskylä [6] and
LEBIT at MSU [7].

At ISOLDE, a general-purpose linear Paul trap,
ISCOOL, has recently been developed and commissioned
for operation at the focal plane of the high-resolution sep-
arator (HRS). The purpose of the device is to deliver ion
beams with an expected transverse emittance of less than
3π mm · mrad at 60 keV and a low-energy spread (< 1 eV),
either continuously or in bunches with a well-defined tem-
poral structure.

The device consists of injection electrodes, a quadru-
pole structure for trapping the ions in the transverse
plane, and extraction electrodes. The trap is realized with
four rods coupled pairwise. The applied voltage to a pair
of electrodes is Vrf cos (Ωt). The same voltage is applied
to the alternate pair, but with an opposing polarity. The
radiofrequency field applied to the quadrupole is used to
confine the ion cloud in the radial direction. The rods are
surrounded by 25 segmented DC electrodes. The struc-
ture is maintained typically 100V below the high voltage
of the HRS. The gas, helium, fills the quadrupole volume.
A pressure of about 0.1mbar is used to slow and cool the
ions via thermal collisions. A differential pumping system
is used to keep the pressure on either side of the device
below 10−7 mbar. The DC field, which is independently
applied to each segment permits the creation of a poten-
tial gradient of 0.2V/cm in order to guide the ions to the
trap exit. The ions can be extracted as a continuous flux
or they can be accumulated and released in short bunches,
as shown by fig. 1.

A more detailed description of this device together
with its design specifications can be found in [8,9]. Prior
to the on-line commissioning phase, off-line tests were un-
dertaken with ISCOOL in a dedicated test bench, under
conditions similar to that found at the HRS. The results of
these tests, which investigated the transmission in contin-
uous mode as well as the extracted emittance at 30 keV
for a surface alkali ion source are reported in [10]. This

Fig. 2. Collinear laser spectroscopy setup (COLLAPS) at
ISOLDE. 1) Single charged ions; 2) laser beam; 3) electrostatic
deflection plates; 4) post-acceleration electrodes; 5) charge
exchange cell (CEC); 6) photomultiplier tubes; 7) brewster
window.

work reports on the first use of ISCOOL for collinear laser
spectroscopy with fast beams at ISOLDE.

3 Collinear laser spectroscopy of 39,44,46K and
85Rb

Tests were made on stable 39K and on radioactive 44,46K,
produced from a tantalum HRS target. In addition, stable
85Rb was studied. For the potassium ions, ISCOOL oper-
ated with rf amplitude Vrf = 280V and Ω = 520 kHz,
whereas for rubidium, Vrf = 270V and Ω = 450 kHz.
The ion beam from ISCOOL were steered to the collinear
laser spectroscopy beam line, COLLAPS [11–13]. Figure 2
shows a simplified scheme of the setup. The ions were neu-
tralized by passage through a charge exchange cell filled
with hot potassium vapour, which was placed before the
light collection region. The neutral beam was overlapped
with a collinear Ti:Sa laser beam, co-propagating with the
ion beam direction. The high velocity of the atom beam
acted to compress the forward velocity spread, which al-
lowed high-resolution spectroscopy to be performed. A
tuning potential on the charge exchange cell was applied
to Doppler shift the laser light (in the rest frame to the
atom) into resonance. The transitions chosen were the D2

lines both for potassium (766 nm) and rubidium (780 nm).
The atoms in the interaction region were resonantly ex-
cited with the laser and the subsequent fluorescence pho-
tons were counted with two red-sensitive photomultiplier
tubes as the tuning voltage was scanned.

4 Laser and ion beam overlap

Two removable apertures were placed in the COLLAPS
beam line to tune the ion beam. A 1mm diameter aper-
ture was used to maximise the overlap of the ion and laser
beams in the vicinity of the photon detection region. The
narrow waist minimised the laser power required, with a
commensurate reduction of the scattered laser light. A
second aperture, with a 4mm diameter and placed down-
stream the detection region, was used to ensure a slow
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Fig. 2 (Colour on-line) Time
of flight distribution of the
resonant fluorescence signal
emitted by 78Rb bunched
atoms. The blue solid line is a
Gaussian fit to the data

Fig. 3 (Colour on-line) Resonance spectra of the D2 lines of 78,78mRb. In a the hyperfine structures
for the time-gated photons and b the ungated spectra. Total collection time was 50 min. The solid
line indicates the fitted data. The centroid position of 78Rb is used as the reference

The ground state nuclear spin of 78Rb is I = 0 and therefore there is no hyperfine
structure, which gives the single peak at the middle of the plot of Fig. 3a. For
78mRb (I = 4) there are six hyperfine transitions, separated in two clusters. The
main separation is given by the splitting of the atomic ground state, 1185.4(05)

MHz. The lineshape used to fit the data consisted of a weighted sum of Gaussian
and Lorenztian lineshapes with different widths, wL and wG. The fit was obtained
from a non-linear χ2 minimization leaving as free parameters the A and B hyperfine
coupling constants, the transition centroid WJ , the peak intensities and background.
The reduced Chi-squared was χ2

r = 1.12. The Gaussian and Lorentzian widths were
found to be wl = 7.6(16) MHz and wg = 28.5(21) MHz, respectively. The Gaussian



Quantum inversion in the 29Cu isotopes
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the study of the shell evolution. In 75Cu, two microsecond
isomeric states have been observed below 130 keV [11],
but their structure was never interpreted. Knowing the
ground-state spin is crucial for assigning spins to these
isomeric levels in order to investigate a further lowering of
the 5=2! and 1=2! levels as the !1g9=2 gets half filled.
Comprehensive understanding of the evolution of the low-
energy structure is important for the development of robust
nucleon-nucleon interactions that can be more widely ap-
plied in broad regions of the nuclear chart.

This Letter reports on in-source [12,13] and collinear
[14] laser spectroscopy measurements of the hyperfine
structure (hfs) of neutron-rich Cu isotopes up to 75Cu,
from which the nuclear ground-state spins I and magnetic
moments " are determined. The radioactive 71;73;75Cu iso-
topes were produced at the ISOLDE facility using far-
asymmetric fission reactions induced by 1.4 GeV protons
on a thick uranium carbide target (45 g=cm2). The radio-
active atoms diffused out of the target to a thin ionizer tube.
Both target and tube were heated to approximately 2000 "C
to reduce transport time. The Resonance Ionization Laser
Ion Source (RILIS) was used to stepwise resonantly laser
ionize the atoms within the ionizer tube. A two-step ion-
ization scheme used the 327.4 nm 2S1=2 ! 2P1=2 transition

followed by the 287.9 nm 2P1=2 ! 2D3=2 transition to an

autoionizing state [12]. For the in-source spectroscopy
stage of this work, the first-step RILIS laser was operated
in a narrow bandwidth (1.2 GHz) mode [13], allowing the
2S1=2 hyperfine splitting of 75Cu to be resolved. The reso-

nantly produced 75Cu ions were accelerated to 30 keVand
mass separated. They were implanted into the Mainz neu-
tron long counter where their #-delayed neutron emission
was detected. This provided excellent discrimination
against the 75Ga isobaric contamination, since the
#-delayed neutron channel is absent there. The 2S1=2 hfs

was measured by recording the neutron rate as a function
of the first-step laser frequency. The observed splitting in
the hfs (upper section of Fig. 1) equals Að2S1=2ÞðI þ 1=2Þ,
with the hyperfine A factor depending on the nuclear g
factor. Fitted as described in [15] and used in [16],
these data showed a preference for I ¼ 5=2 and yielded a
value Að2S1=2Þ ¼ 1:55ð7Þ GHz. With the 65Cu reference
values given below, this corresponds to a moment of
0:99ð4Þ"N . These results greatly reduced the scanning
region for the high-resolution collinear laser spectroscopy
measurements.

The second stage of this experiment used the collinear
laser spectroscopy setup [14] to perform high-resolution
studies which allowed both the atomic ground- and
excited-state hyperfine structures of 71;73;75Cu to be re-
solved. With the recent installation of a linear gas-filled
radio frequency quadrupole Paul trap (named ISCOOL)
[17,18], radioactive ions can be cooled and bunched at
ISOLDE. Its application for collinear laser spectroscopy
has been demonstrated in Jyväskylä (Finland) where rare

isotopes with yields down to 150 s!1 have been studied
with fluorescent photon detection on a bunched ion beam
[19,20]. The ISCOOL device is located after the high-
resolution separator on a high-voltage platform floated at
30 kV. A trapping potential was applied for up to 100 ms to
the end plate of ISCOOL while radioactive ions were
collected. Then, by fast-switching the end plate to the
platform voltage, the ionic ensemble is released as a bunch
with a typical time width of 25 "s. In a continuous mode,
where the end plate was held at the platform voltage, a
transmission efficiency through the device of 70% has been
observed. The ion bunch was transported to the collinear
laser spectroscopy beam line where the laser beam was
overlapped in the copropagating direction. The Cuþ bunch
was sent through a sodium vapor cell, heated to approxi-
mately 230 "C, which neutralized the ions through charge-
exchange collisions. Avoltage was applied to the vapor cell
for tuning the velocity of the ions and bringing them onto
resonance with the laser. The resonances were located by
measuring the photon yield as a function of the tuning
voltage with two photomultiplier tubes (PMT). The signal
from the PMT was gated so that photons were recorded
only when an atom bunch was within the light collection
region. This reduced the background photon counts asso-
ciated with scattered laser light by a factor 4' 103, this
being the ratio of the trapping time to the temporal length
in the light collection region. A dye laser was locked to a
laboratory frame wave number of 15 406:9373 cm!1 using
frequency modulation saturation spectroscopy of iodine.
The fundamental wavelength was frequency doubled using
an external buildup cavity.

FIG. 1 (color online). In-source and collinear laser spectros-
copy hfs spectra for 75Cu. Top: In-source spectrum showing the
best fits for I ¼ 3=2 and I ¼ 5=2 using the resonant ionization
model [15]. Bottom: Collinear resonance fluorescence spectra of
75Cu with best fit for I ¼ 5=2. The left and right spectra are
separated by the ground-state hfs, observed as two peaks in the
upper spectrum.
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Figure 8. General setup of CLS. An ion beam is superimposed with
a laser beam in an electrostatic deflector. The ion beam can be
neutralized in a charge-exchange cell (CEC) filled with a vapor of
an alkaline metal at low-pressure. The fluorescence light is detected
with photomultipliers in the optical detection region (ODR). An
additional potential is applied either to the CEC or to the ODR to
avoid interaction between the laser and the ion beam before the
ODR is reached.

in figure 8 and the resonance fluorescence is detected with a
photomultiplier perpendicularly to the flight direction. Since
the atoms are propagating parallel or antiparallel to the laser
beam with velocity � = �/c, the resonance frequency ⌫0 of
the atom is shifted in the laboratory system by the relativistic
Doppler effect according to

⌫p,a = ⌫0� (1 ± �), (20)

with the time dilation factor � = (1 � �2)�1/2. CLS utilizes
the fact that the acceleration of an ion ensemble with a
static electric potential compresses the longitudinal velocity
distribution. Thus, the Doppler width is considerably
reduced [71, 75]. In a simplified way, the kinematic Doppler
compression can be deduced using the differential variation
of energy with velocity dE = m� d�. The energy uncertainty
�E in the source, caused by the Doppler distribution ��D

of the ions, stays constant under electrostatic acceleration
with a potential U . From �E = �(m�2/2) = m� �� = const.,
it follows that any increase in velocity must be compensated
by a corresponding reduction of ��D

�� = �E
m�

= �Ep
2meU

. (21)

Since the remaining Doppler width 1⌫D = ⌫0(��/c) for a
resonance transition at frequency ⌫0 is proportional to ��D it
follows that

1⌫D = ⌫0
�Ep

2eUmc2
. (22)

Hence the Doppler width decreases proportionally to 1/
p

U
and beam energies of about 50 keV are usually sufficient
to reduce the Doppler width to some 10 MHz and therefore
into the order of the natural line width for allowed dipole
transitions. CLS has been applied on-line first at the TRIGA
reactor in Mainz [76] and soon thereafter at ISOLDE [5, 77].

The collinear geometry allows for sufficiently long
interaction times and high resolution. The velocity
dependence of the laser frequency in the rest frame of
the ion according to equation (20) can be utilized to keep the

laser frequency in the laboratory system fixed and to tune
instead the resonance frequency of the ion across the laser
frequency by changing the ion velocity. This Doppler-tuning
is usually realized by applying an additional post-acceleration
potential to the optical detection region (ODR) in which the
resonance fluorescence is detected. This has the additional
advantage that optical pumping into dark states cannot occur
before the ions enter the detection region.

Spectroscopy of fast neutral atoms can also be carried out
if a charge exchange cell (CEC), filled with a thin vapor of an
alkaline element, is mounted in front of the detection region.
The cross sections for charge exchange collisions of a beam
with ions M+ on, e.g. Cs vapor

M+ + Cs �! M + Cs+ + 1E (23)

is large (⇡10�14 cm2) at typical beam energies and leads
preferably to the charge exchange into states with 1E close
to 0 (resonant charge exchange). This provides also the
opportunity to populate metastable higher lying levels if the
electron donator is properly chosen. Doppler-tuning must in
this case be realized by applying the post-acceleration voltage
to the CEC and the ODR should be mounted as close as
possible behind the CEC. Technical details and a comparison
of two CECs—a horizontal and a vertical design as they
are in use at COLLAPS and at TRIUMF, respectively—were
recently presented in [78].

While the direct optical detection is the most
straightforward detection scheme, its sensitivity is limited
by the small solid angle, the quantum efficiency of the
detectors, background from scattered laser light and several
other factors. During the last decades CLS was therefore
combined with various other detection techniques with the
aim to increase sensitivity and accuracy of the technique
[3, 4, 79]. Some of the recent developments will be discussed
below.

Resonance ionization spectroscopy. RIS combines the large
cross section of resonant optical excitation with the very
sensitive charged-particle detection by exciting an electron in
the atom stepwise along dipole-allowed transitions until the
electron is detached from the atom and either the electron, the
ion, or both are detected. There is a multitude of arrangements
for RIS. Efficient excitation at medium to low resolution can
be obtained using pulsed lasers with bandwidths adjusted to
the Doppler width of the atomic ensemble that has to be
ionized. It has been first applied for nuclear charge radii
measurements of short-lived isotopes at Gatchina [80]. Here,
145�149Eu isotopes were produced on-line, mass separated and
collected. After the transfer into a hot atomic beam source,
laser spectroscopy was applied on the atomic beam with
the laser beams perpendicular to reduce Doppler-broadening.
For shorter-lived isotopes of europium the mass separated
ions were not collected but introduced into a hot oven were
they were neutralized and evaporated. Spectroscopy was then
again performed on the atomic beam [81]. The concept of
a hot-cavity laser ion source for on-line use was suggested
by Kluge et al [82] as well as by Andreev et al [83] and
first realized at Gatchina [84]. In this modification it is now
widely used as an ion source for element-selective ionization.
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COLLAPS

Figure 15. Top: simplified experimental setup (top) for the quasi-simultaneous collinear and anticollinear spectroscopy of beryllium ions at
ISOLDE. Two frequency-doubled laser systems providing absolute frequency information are used, one in collinear and one in anticollinear
geometry. Bottom: a resonance of the most exotic isotope in this chain 12Be obtained with a yield of about 8000 ions s�1.

hyperfine parameters, the center-of-gravity, peak intensities,
and an offset as well as the Doppler width for all Voigt
profiles. In these cases it was required to include a small
secondary peak that arises 4 V below the main peak. This is
caused by non-elastic collisions of the ions in which they are
excited into the 2p excited state during the encounter of the
residual gas atom. The energy for the transition is taken from
the ions kinetic energy and subsequently irradiated in the form
of a 4 eV photon.

The charge radii obtained in these experiments are
included in figure 12. The trend is quite similar to that
observed for the lithium isotopes and the underlying physics
as well. The cluster basis in this chain is ↵ + 3He for 7Be
and ↵ + ↵ + xn for 9–12Be. The center-of-mass motion in
the one-neutron halo isotope 11Be is again the dominant
contribution to the increase of the charge radius. Since 12Be
is not believed to be a halo isotope and has a significantly
smaller matter radius than 11Be it is (at first glance) surprising
that the measured charge radius of 12Be is larger than that
of 11Be. The observation can be explained theoretically by a
strong admixture of (sd)2 to the ground-state wavefunction
of 12Be [147]. It has been shown in fermionic molecular
dynamics calculations that this actually increases the ↵–↵

distance in the underlying 10Be cluster structure, such that the
12Be charge radius is again comparable to that of 9Be.

3.1.4. Neon. The proton-rich isotopes of the neon isotopic
chain presented a difficult challenge for mass measurements,
and even though laser spectroscopy had been done at
ISOLDE in the late 1990s, the charge radius extraction was
hindered by a mass shift determination. This was recently
accomplished using results from high precision experimental
mass measurements performed at ISOLTRAP [156].

The mass measurements were carried out using the
ISOLDE facility for the production of the neon isotopes,
where 1.4 GeV protons impinge on CaO or MgO targets
to produce the isotopes. A plasma source was used to
ionize the isotopes, which were then mass selected and
delivered as a pulsed 60 keV beam to the ISOLTRAP
setup [153]. ISOLTRAP consists of four main devices in
series, a linear RFQ cooler and buncher [154], a recently
added multi-reflection TOF separator [155], a buffer-gas filled
isobar separator trap, and a mass measurement Penning trap.
The measurement cycle was adjusted for this measurement
such that the short half-life of 17Ne with t1/2 = 109.2(6) ms
could be accommodated within a 400 ms measurement cycle
from proton pulse to ion detection. The uncertainty was
reduced by a factor 50 compared to AME2003 and reached
a level of �m = 570 eV for 17Ne. Figure 16 shows a resonance
spectrum of the measurement [156] from ISOLTRAP. These
mass measurements provided the required precision for the
extraction of the charge radius.
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Beam energy uncertainties
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Chapter 4

High-resolution collinear laser
spectroscopy

4.1 General concepts

4.1.1 Doppler compression

E =
1

2
mv

2 ) �E = mv�v (4.1)

�E = mv�v (4.2)

4.1.2 Beam bunching

4.2 Collinear fluorescence

4.2.1 Concept

4.2.2
29

Cu

4.3 Absolute velocity

⌫� = ⌫0

s
1 � �

1 + �

(4.3)

⌫+ = ⌫0

s
1 + �

1 � �

(4.4)
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• The laser frequency is Doppler 
corrected using the laboratory 
laser frequency and the beam 
velocity. 

• Systematic uncertainties arise 
from the long-term drift of the 
laser frequency and from the 
jitter on the ion source high-
voltage power supply.

4.3.1 Energy uncertainty

4.3.2 Measuring the beam energy

⌫� · ⌫+ = ⌫

2
0 (4.5)

4.4 Polarised beams

4.5 Collinear resonance
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}
This provides an absolute measure of the laser frequency, 
from which one may infer the absolute beam energy.
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Let me remind you of yesterday…



Atomic transitions
What the atom may or may not do

Selection rules

J = 1
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a small impact on the hyperfine splitting of an atomic level. Any further multipole is even
less relevant and will not be discussed in these lectures.

Note that in the case of I = 0, 1
2 or J = 0, 1

2 , there is no electric quadrupole moment.
The combined e↵ect of the magnetic dipole and electric quadrupole moments on an

atomic level are illustrated in Fig. 2.2.

2.3 The transitions between atomic levels

2.3.1 State lifetime

The atomic population N! and N2 between two energy levels E1 and E2 can be exchanged
through an electromagnetic field of energy h⌫ = E2�E1, E2 > E1. This exchange is mediated
by a photon at frequency ⌫ and can proceed via three processes: absorption, spontaneous
emission, and induced emission. The rate of change of the population in each level is then
written as

�dN2

dt

=
dN1

dt

= AN2 � B12⇢(⌫)N1 + B21⇢(⌫)N2, (2.33)

where A, B12, and B21
2 are the Einstein coe�cients for spontaneous decay, absorption,

and induced emission, and ⇢(⌫) is the energy density per unit frequency range of the radia-
tion. In the absence of a field, ⇢(⌫) = 0 and Eq. 2.33 becomes

�dN2

dt

= �AN2, (2.34)

from which one extracts N2(t) = N2(0)e�At, which means that the Einstein A coe�cient
is the reverse of the state partial lifetime ⌧ . To extract the lifetime of a state, it is necessary
to consider all the possible decays from that state to states E

i

, such that ⌧ = 1/
P

i

A

i

. It is
also possible to relate the Einstein coe�cients to each other as

A =
8⇡⌫

2

c

3
h⌫B21 =

8⇡⌫

2

c

3
h⌫

g1

g2
B12, (2.35)

where g

i

is the degeneracy of state E

i

.

2.3.2 Selection rules

The radiation field that connects the two atomic levels can be approximated, to first order,
to an electric dipole field (E1): the photon carries 1 unit of angular momentum and the
parity of the state changes. The following selection rules follow

2
Those parameters are not related to the hyperfine parameters A and B.
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Parity change

1 unit of angular momentum

carried by the photon 
=> triangular relation

To first order, the photon field can be considered as an 
electric dipole field (E1)

�l = ±1 (2.36)

�J = 0, ±1, J = 0 9 0 (2.37)

�F = 0, ±1, F = 0 9 0 (2.38)

From Eq. 2.36, one determines that only transitions from s $ p, p $ d, d $ f , . . . are
possible.

From Eq. 2.37, this further restricts the range of states that can be linked to one another.
At low energy in the atom, this may lead to the existence of metastable states which do not
have any decay path to the ground state. Those states may then decay via first-forbidden
decays, but the lifetime associated with those states is much higher than in the rest of the
atom. Such states can be populated thermally, e.g., in the high temperature of an ion beam
laser ion source (see section 3.1.1). They may also be on the possible decay path of an atomic
state of interest in collinear laser spectroscopy or atom trapping, and are then referred to as
dark states.

2.3.3 Relative amplitudes

If an atomic level has a hyperfine structure, then the transition from or to that level will
be distributed over di↵erent frequencies. In the more general case, both levels will have a
hyperfine structure and a set of transitions will be available, satisfying the selection rule
from Eq. 2.38. Note that if the atomic transition validates already the selection rule from
Eq. 2.37, there will be substates which validate that of Eq. 2.38.

Not all transitions will however be equivalent. The amplitude of a given transition will
then be proportional to the matrix element joining one state to the other one under the
action of the dipole radiation field:

hF
f

, , m

f

|e · d|F
i

, m

i

i, (2.39)

where |F
i

, m

i

i is the initial state and |F
f

, , m

f

i is the final state. Applying the Wigner-
Eckart theorem to separate out the |F i component and further decoupling the electron
angular momentum J from the nuclear momentum I,3 one obtains that the amplitude scales
as

�
2F

i

+ 1
��
2F

j

+ 1
�
 

F

f

1 F

i

�m

f

0 m

i

!2(
J

f

F

f

I

F

i

J

i

1

)2

, (2.40)

where (. . .) is a Wigner 3j symbol and {. . .} is a Wigner 6j symbol. These amplitudes
involve the nuclear spin I directly in the Wigner 6j symbol, as well as indirectly through the
di↵erent F values of the hyperfine states. The relative intensities of the hyperfine transitions

3
I spare the reader the mathematical derivation but enthusiastically encourage the students to search for

this enlightening derivation in their favourite reference book.
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involve the nuclear spin I directly in the Wigner 6j symbol, as well as indirectly through the
di↵erent F values of the hyperfine states. The relative intensities of the hyperfine transitions
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Optical pumping of magnetic substates
• The polarisation of the light 

provides an additional 
selection rule

14

4.3.1 Energy uncertainty

4.3.2 Measuring the resonance frequency

⌫� · ⌫+ = ⌫

2
0 (4.5)

4.4 Polarised beams
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F
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F
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4.5 Collinear resonance
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• The decay opens all three 
paths and eventually the 
population is displaced to a 
single magnetic substate
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Figure 19. CLS in combination with optical pumping and �-NMR. The laser–ion interaction polarizes the ions on resonance and leads to a
�-asymmetry that is detected after implantation into a crystal inside a strong magnetic field. RF-coils around the crystal (not shown in this
figure) can then be used to destroy the orientation produced by the laser beam and to obtain a NMR signal.

and the magnetic moment of µ = 3.6673(23) µN [115] to be
very close to the Schmidt-value for a spherical 1p3/2 proton.
Finally, the result of the measurements of the spectroscopic
quadrupole moments of 9Li and 11Li |Qs(

11Li)/Qs(
9Li)| =

1.14(16) excluded again a large deformation as the source
of the large matter radius and also implied that the 9Li
core is essentially unchanged by the presence of the halo
neutrons [116]. The accuracy of the 11Li moments has
been increased by an order of magnitude since then,
resulting in |Qs(

11Li)/Qs(
9Li)| = 1.088(15). The currently

most accurate values for the nuclear moments of 11Li are
µ = 3.6712(3) µN and Qs(

11Li) = �33.3(5) mb compared to
Qs(

9Li) = �30.6(2) mb [119, 120]. An even more accurate
measurement of the quadrupole moment of 9Li relative
to 8Li has been reported from TRIUMF [165]: using
�-detected nuclear quadrupole resonance it was measured
to be |Qs(

9Li)/Qs(
8Li)| = 0.96675(9). The ion beam of 9Li

was neutralized in a CEC, optically pumped, reionized in a
helium gas jet and implemented in a SrTiO3 crystal. Contrary
to the measurements at ISOLDE, the magnetic field at the
implantation site in SrTiO3 is actively compensated in order
to obtain a pure quadrupole resonance spectrum. The same
technique will soon be applied for a measurement of the
quadrupole moment of 11Li.

The small increase of Qs from 9Li to 11Li of 8.8(1.5)%
can in principle arise either from a 9Li core polarization or
from the change of the charge distribution of the core due to
the recoil effect caused by a d component in the halo-neutron
wavefunction. In [166] a pure three-body wavefunction was
designed that was optimized to reproduce experimentally
known properties of the halo isotope consistently. The model
wavefunction indeed reproduces the quadrupole moment,
magnetic moment and the nuclear charge radius as well as the
binding energy in excellent agreement with experiment. Also
all other properties are within the measurement uncertainties.
For microscopic theories this halo nucleus is still a challenge
but the set of high-precision data from atomic physics
low-energy experiments that has now been established along

the complete chain of isotopes provides excellent benchmarks
for ab initio, cluster, and shell-model theories [140].

RF-optical double resonance in an ion trap. The nuclear
moments of beryllium isotopes are also the subject of
an experiment at the SLOWRI facility at RIKEN. Here,
radioactive beryllium isotopes are produced using projectile
fragmentation of a 100 MeV u�1 13C beam. The fragments
are stopped in a gas cell, extracted as 2 eV low-energy
beam and transferred into a cryogenic (10 K) Paul trap. The
central region of the segmented Paul trap is shown on the
left in figure 20 [167]. During the ion accumulation time,
a small amount of cold He gas is introduced for buffer gas
cooling. Laser Doppler-cooling on the 2s 2S1/2 ! 2p 2P3/2

transition is performed using a red-detuned laser introduced
at a small angle relative to the trap axis in order to cool all
degrees of freedom simultaneously and a final temperature
of the ions of the order of 10 mK is reached. Hence,
the energy of the ions is reduced by about 15 orders of
magnitude [168]. In order to obtain a closed two-level
system on the transition, a magnetic field is employed, to
lift the degeneracy of the m F levels. During the cooling
process the ions are optically polarized and pumped with
�± light into one of the 2s1/2(F = 2, m F = ±2) ! 2p3/2

(F = 3, m F = ±3) closed two-level transitions. The
fluorescence is observed with a two-dimensional (2D)
photon-counting detector. The separation between the F = 2,

m F = ±2 and the F = 2, m F = ±1 states is then measured by
introducing an RF via the microwave antenna that couples the
respective substates and therefore removes population from
the laser transition. Thus, the observed amount of fluorescence
decreases and a dip in the RF spectrum is observed as it is
shown on the right in figure 20 [167]. Measuring the RF
transition frequencies for the two transitions at two magnetic
field strengths and fitting the Breit–Rabi formula to the results
allows the extraction of the A factors of 7Be and—assuming
no significant hyperfine anomaly—the determination of the
magnetic moment of this isotope to µ(7Be) = 1.399 28(2)
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Figure 22. Spectral lines of Mg isotopes on the D1 transition in singly charged ions [178]. The (Doppler-tuning) frequency scale is relative
to the isotope 26Mg. Resonance spectra for 22�30Mg and 32Mg ar recorded by standard fluorescence detection, where for 30,32Mg ion–photon
coincidence detection was used. Only �-asymmetry detection was possible for the isotopes 21,31Mg. The proof-of principle that analysis of
these spectra is compatible with data obtained from fluorescence spectra was shown with the isotope 29Mg, for which both spectra were
obtained. (Reprinted with permission from Yordanov D T et al 2012 Phys. Rev. Lett. 108 042504 [178]. Copyright 2012 American Physical
Society.)

a reference isotope, the only unknown is the spin I which can
then be unambiguously determined. In this way the spin I =
1/2 was determined for 31Mg and similarly the ground-state
spin of 33Mg was determined to be I = 3/2. These findings
were explained by two-particle two-hole excitations across the
N = 20 shell closure being dominant in both nuclei [176].

The nuclear moments of 31Mg and 33Mg are in the
Nilsson model connected to strongly prolate deformed levels
as they are observed for all nuclei in the island of inversion.
Measurements of the quadrupole moments along the isotopic
chain would therefore be desirable. However, the key isotopes
30,31,32Mg are either spinless or have spin 1/2 and do therefore
not exhibit a spectroscopic quadrupole moment. Instead, the
charge radii along the complete sd-shell were determined
by isotope shift measurements as an observable that is also
sensitive to deformations. Since fluorescence spectra are not
available for 21,31,33Mg because the production yields are too
low, the �-asymmetry spectra must be exploited for such a
measurement [178].

Therefore a quantitative description of the peak shape and
the line intensities in the �-asymmetry spectrum based on rate
equations of the optical pumping along the path of flight is
required. A quantitative agreement was found [174] for Mg,
which was the basis for the determination of the isotope shift
of 21,31Mg [178]. Figure 22 shows the spectra obtained for
the Mg isotopes along the complete sd-shell. The isotopes
22�29Mg were investigated using CLS with standard optical
fluorescence detection. The exotic even isotopes 30,32Mg
could also be observed by fluorescence detection but it was
necessary to use the ion-photon coincidence technique and
the observation time was limited to about 100 ms after each
proton pulse. Detection of the resonances of 21,31Mg was
only possible applying the �-asymmetry detection. To ensure
that the resonance positions obtained by this technique are
in accordance with those from the optical fluorescence, both
techniques were applied to the isotope 29Mg. This proof
of principle was successful and the measurements were
combined to obtain the change of the charge radius along the
Mg chain.

For magnesium, ab initio calculations of the atomic mass
shift constants with spectroscopic accuracy are currently not

feasible. Instead, the mass shift and the field shift coefficient
were obtained with a King–Plot procedure, using the charge
radii of the stable isotopes as input. Results are in excellent
agreement with the best theoretical calculations currently
available [180] and the charge radii extracted with this
technique are plotted in figure 18 together with those of
the neighboring isotopes of neon and sodium. The charge
radii of Na are taken from [181] based on the measurements
reported in [172]. Sodium has only a single stable isotope
and a King-plot procedure is therefore not possible to extract
the SMS contribution. Touchard et al [179] estimated the
SMS using the empirical observation that the change in
charge radius without deformation �hr2iSph is usually only
half of that expected for a uniform-density nucleus R =
r0 A1/3 with r0 = 1.2 fm and assuming a negligible change of
deformation between 25Na and 27Na. The extracted charge
radii are very sensitive to the estimated SMS and uncertainties
are difficult to quantify. To improve the quality of this data,
high-precision calculations of the mass shift contributions
are highly desirable. It appears that the slope of the sodium
chain is slightly too steep compared to the chains of neon
and magnesium. It is striking that all three elements exhibit
a shallow minimum of the charge radius around N = 14,
i.e. after filling the s1/2 and the d3/2 orbital in the sd shell.

3.3. Studies of medium heavy nuclei using cooled and
bunched beams

Studies of the medium heavy radioactive nuclei have strongly
profited from the application of gas-filled RFQs for cooling
and bunching [154]. A segmented linear RF ion trap is
mounted on a high-voltage platform, such that the ion beam
is decelerated and the ions are stopped inside the electrode
structure. While the RF field at the rods stores the ions
radially, a longitudinal DC potential is applied along the
individual segments to form a potential well. Since the RFQ
is filled with buffer gas at room temperature with typical
pressures around 10�5–10�4 mbar, the ions loose kinetic
energy in the collisions with the gas and are cooled into the
bottom of the potential well. After a preselected collection
time, the potential barrier at the last electrode is rapidly pulsed

21

• Under a weak laser 
field, the mF substate 
is a good quantum 
number and the e- 
and nucleus are 
coupled 

• Applying a weak B 
field lines up the e- 
and by proxy the 
nucleus 

• Decay asymmetry is 
then be monitored
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Figure 3–2: Reduction in velocity distribution by Doppler compression. The
vertical boxes represent the same energy spread while the horizontal boxes
represent the induced velocity spread of the particles at different particle
beam velocities.

Table 3–1: Example of Doppler compression on 139La-II ions at different
energies assuming an initial energy spread of ±3eV from the temperature
distribution of the source for a transition at 538nm.

Beam Energy [eV] Frequency Spread [MHz]
3 5364

14156 55
30600 38

reducing the Doppler width of the peaks significantly. An example of such

compression is given in table 3–1.

3.1.2 Frequency scanning

The excitation of an electron, as described in section 2.1, is limited

in frequency space and is homogeneous. This gives rise to a Lorentzian

distribution which is mixed with the inhomogeneous thermal distribution of

the particles, as described in section 3.1.1, that is Gaussian. The convolution
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Fig. 1. Diagram of the segmented radiofrequency quadrupole
trap.

due to the versatility and universality of these devices,
which provide beams of low emittance and the option
of a pulsed release of ions. Examples of facilities which
have such an apparatus in operation include ISOLTRAP
at ISOLDE [5], the IGISOL facility in Jyväskylä [6] and
LEBIT at MSU [7].

At ISOLDE, a general-purpose linear Paul trap,
ISCOOL, has recently been developed and commissioned
for operation at the focal plane of the high-resolution sep-
arator (HRS). The purpose of the device is to deliver ion
beams with an expected transverse emittance of less than
3π mm · mrad at 60 keV and a low-energy spread (< 1 eV),
either continuously or in bunches with a well-defined tem-
poral structure.

The device consists of injection electrodes, a quadru-
pole structure for trapping the ions in the transverse
plane, and extraction electrodes. The trap is realized with
four rods coupled pairwise. The applied voltage to a pair
of electrodes is Vrf cos (Ωt). The same voltage is applied
to the alternate pair, but with an opposing polarity. The
radiofrequency field applied to the quadrupole is used to
confine the ion cloud in the radial direction. The rods are
surrounded by 25 segmented DC electrodes. The struc-
ture is maintained typically 100V below the high voltage
of the HRS. The gas, helium, fills the quadrupole volume.
A pressure of about 0.1mbar is used to slow and cool the
ions via thermal collisions. A differential pumping system
is used to keep the pressure on either side of the device
below 10−7 mbar. The DC field, which is independently
applied to each segment permits the creation of a poten-
tial gradient of 0.2V/cm in order to guide the ions to the
trap exit. The ions can be extracted as a continuous flux
or they can be accumulated and released in short bunches,
as shown by fig. 1.

A more detailed description of this device together
with its design specifications can be found in [8,9]. Prior
to the on-line commissioning phase, off-line tests were un-
dertaken with ISCOOL in a dedicated test bench, under
conditions similar to that found at the HRS. The results of
these tests, which investigated the transmission in contin-
uous mode as well as the extracted emittance at 30 keV
for a surface alkali ion source are reported in [10]. This

Fig. 2. Collinear laser spectroscopy setup (COLLAPS) at
ISOLDE. 1) Single charged ions; 2) laser beam; 3) electrostatic
deflection plates; 4) post-acceleration electrodes; 5) charge
exchange cell (CEC); 6) photomultiplier tubes; 7) brewster
window.

work reports on the first use of ISCOOL for collinear laser
spectroscopy with fast beams at ISOLDE.

3 Collinear laser spectroscopy of 39,44,46K and
85Rb

Tests were made on stable 39K and on radioactive 44,46K,
produced from a tantalum HRS target. In addition, stable
85Rb was studied. For the potassium ions, ISCOOL oper-
ated with rf amplitude Vrf = 280V and Ω = 520 kHz,
whereas for rubidium, Vrf = 270V and Ω = 450 kHz.
The ion beam from ISCOOL were steered to the collinear
laser spectroscopy beam line, COLLAPS [11–13]. Figure 2
shows a simplified scheme of the setup. The ions were neu-
tralized by passage through a charge exchange cell filled
with hot potassium vapour, which was placed before the
light collection region. The neutral beam was overlapped
with a collinear Ti:Sa laser beam, co-propagating with the
ion beam direction. The high velocity of the atom beam
acted to compress the forward velocity spread, which al-
lowed high-resolution spectroscopy to be performed. A
tuning potential on the charge exchange cell was applied
to Doppler shift the laser light (in the rest frame to the
atom) into resonance. The transitions chosen were the D2

lines both for potassium (766 nm) and rubidium (780 nm).
The atoms in the interaction region were resonantly ex-
cited with the laser and the subsequent fluorescence pho-
tons were counted with two red-sensitive photomultiplier
tubes as the tuning voltage was scanned.

4 Laser and ion beam overlap

Two removable apertures were placed in the COLLAPS
beam line to tune the ion beam. A 1mm diameter aper-
ture was used to maximise the overlap of the ion and laser
beams in the vicinity of the photon detection region. The
narrow waist minimised the laser power required, with a
commensurate reduction of the scattered laser light. A
second aperture, with a 4mm diameter and placed down-
stream the detection region, was used to ensure a slow

W i n d m i l l
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• Starts like collinear fluorescence: 30-60 keV ion beam, 
neutralisation, overlap 

• Ends like in-source spectroscopy: ion counting (MCPe for 
secondary electrons, MCPi for direct ion impact, alpha-
decay spectroscopy station for short-lived nuclei) 

• In-between subtleties: deflecting non-neutralised fraction, 
differential pumping for ultra-high vacuum against 
collisional non-resonant ionisation, synchronisation
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• Laser system to provide for each step in the ionisation 
scheme 

• Resonant step for spectroscopy: high resolution is 
necessary => cw laser (like for other collinear work)

• Final step requires a high 
photon flux => high power 
density => pulsed laser 

• Duty cycle of the ion beam 
delivery has to match that 
of the laser => RFQ bunch 
release & pulsed laser 
synchronisation
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• 3 detection setups: 
• MCPi for directly impinging ions 
• MCPe for secondary electrons from ions impinging on a  

copper plate 
• DSS for alpha decay of short-lived isotopes

• MCPi is more sensitive to 
weak rates but more fragile 
than MCPe, and sensitive to 
decays 

• DSS is most sensitive and 
allows isomer separation, 
but lacks instantaneous 
response



CRIS: high resolution
• Cw resonant laser vs pulsed 

ionisation laser  
➡ multiple possible excitation 

cycles of the resonant 
transition and optical pumping 

➡ signal loss & broadening 
★Chopped cw laser light! 
• 50 ns pulse length 
• synchronised with ion bunch 

and pulsed lasers 
• delayed to avoid interference 

with other lasers
21
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Atom trapping
Another leap into resolution
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Figure 2. With the laser tuned to below the peak of atomic 

resonance.  Due to the Doppler shift, atoms moving in the direction 

opposite the laser beam will scatter photons at a higher rate than 

those moving in the same direction as the beam.  This leads to a 

larger force on the counter-propagating atoms. 

produce large accelerations (104 g). The 

radiation-pressure force is controlled in such 

a way that it brings the atoms in a sample to 

a velocity near zero ("cooling"), and holds 

them at a particular point in space 

("trapping"). 

The cooling is achieved by making the 

photon scattering rate velocity-dependent 

using the Doppler effect [5]. The basic 

principle is illustrated in Figure 1.  If an 

atom is moving in a laser beam, it will see 

the laser frequency ν laser  shifted by an 

amount ( )cV laserν− , where V is the 

velocity of the atom along the direction of 

the laser beam. If the laser frequency is 

below the atomic resonance frequency, the 

atom, as a result of this Doppler shift, will 

scatter photons at a higher rate if it is 

moving toward the laser beam (V negative), 

than if it is moving away. This leads to a 

larger force on the counter-propagating 

atoms. See Figure 2 at left. If laser beams 

impinge on the atom from all six directions, 

the only remaining force on the atom is the 

velocity-dependent part, which opposes the 

motion of the atoms. This provides strong 

damping of any atomic motion and cools the 

atomic vapor. This arrangement of laser 

fields is often known as "optical molasses” 

[6]. 

 

2.2 MAGNETO-OPTICAL TRAP 
Although optical molasses will cool 

atoms, the atoms will still diffuse out of the 

region if there is no position dependence to 

the optical force. Position dependence can be 

introduced in a variety of ways. Here we will 

only discuss how it is done in the 

"magneto-optical trap" (MOT). The 

position-dependent force is created by using 

appropriately polarized laser beams and by applying an inhomogeneous magnetic field to the trapping 

region. Through Zeeman shifts of the atomic energy levels, the magnetic field regulates the rate at 

which an atom in a particular position scatters photons from the various beams and thereby causes the 
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Figure 3. One dimensional explanation of the MOT. Laser beams 

with opposite helicity polarizations impinge on an atom from 

opposite directions. The lasers excite the J= 0 to J = 1 transition. 

The laser beam from the right only excites the m = -1 excited state, 

and the laser from the left only excites the m = +1 state. As an 

atom moves to the right or left, these levels are shifted by the 

magnetic field thereby affecting the respective photon scattering 

rates. The net result is a position-dependent force that pushes the 

atoms into the center. 
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Laser Cooling and Trapping 

1 INTRODUCTION 
Laser cooling and trapping of neutral atoms is a rapidly maturing and yet still expanding area of 

physics research that has seen dramatic new developments over the two decades. These include the 
ability to cool atoms down to unprecedented kinetic temperatures (well below single photon recoil 
energies) and to hold samples of a gas isolated in the middle of a vacuum system for many seconds. 
This unique new level of control of atomic motion is allowing researchers to probe the behavior of 
atoms in a whole new regime of matter, with manifestly quantum mechanical properties such as Bose-
Einstein condensation and Fermi degeneracy.   

In this experiment you will operate a magneto-optic trap that is often the basic unit in many 
current AMO research programs. This experiment uses the extended cavity diode lasers and the 
saturated absorption spectrometers. If you have done the laser spectroscopy experiment, you are well 
prepared for this lab. If not, please at least read through and understand the entire lab manual of the 
laser spectroscopy experiment and this one. A small fraction (- 10%) of the beams of each of the two 
lasers goes to their respective saturated absorption spectrometers. This allows for precise detection and 
control of the laser frequencies, which is essential for cooling and trapping. The remainder of the laser 
light goes into the trapping cell. 

Section 2 of this write-up provides a brief introduction to the relevant physics of the atom trap, 
section 3 discusses the laser stabilization, section 4 explains the optical layout for sending the laser 
beams into the cell to create the trap, section 5 explains the trapping cell construction, and section 6 
discusses the operation of the trap, measurement of the number of trapped atoms, and measurement of 
the time the atoms remain in the trap.  

2 THEORY AND OVERVIEW 
We will present a brief description of the relevant physics of the vapor cell magneto-optical trap. 

For more information, a relatively non-technical discussion is given in Ref. 2, while more detailed 
discussions of the magneto-optical trap and the vapor cell trap can be found in Ref. 3 and Ref. 4, 
respectively. 

2.1 LASER COOLING 
The primary force used in laser cooling 

and trapping is the recoil when momentum 
is transferred from photons scattering off an 
atom. This radiation-pressure force is 
analogous to that applied to a bowling ball 
when it is bombarded by a stream of ping-
pong balls. The momentum kick that the 
atom receives from each scattered photon is 
quite small; a typical velocity change is 
about 1 cm/s. However, by exciting a strong 
atomic transition, it is possible to scatter 
more than 107 photons per second and 
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Figure 1.  Atomic scattering rate versus laser frequency. 
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Figure 2. With the laser tuned to below the peak of atomic 

resonance.  Due to the Doppler shift, atoms moving in the direction 

opposite the laser beam will scatter photons at a higher rate than 

those moving in the same direction as the beam.  This leads to a 

larger force on the counter-propagating atoms. 

produce large accelerations (104 g). The 

radiation-pressure force is controlled in such 

a way that it brings the atoms in a sample to 

a velocity near zero ("cooling"), and holds 

them at a particular point in space 

("trapping"). 

The cooling is achieved by making the 

photon scattering rate velocity-dependent 

using the Doppler effect [5]. The basic 

principle is illustrated in Figure 1.  If an 

atom is moving in a laser beam, it will see 

the laser frequency ν laser  shifted by an 

amount ( )cV laserν− , where V is the 

velocity of the atom along the direction of 

the laser beam. If the laser frequency is 

below the atomic resonance frequency, the 

atom, as a result of this Doppler shift, will 

scatter photons at a higher rate if it is 

moving toward the laser beam (V negative), 

than if it is moving away. This leads to a 

larger force on the counter-propagating 

atoms. See Figure 2 at left. If laser beams 

impinge on the atom from all six directions, 

the only remaining force on the atom is the 

velocity-dependent part, which opposes the 

motion of the atoms. This provides strong 

damping of any atomic motion and cools the 

atomic vapor. This arrangement of laser 

fields is often known as "optical molasses” 

[6]. 

 

2.2 MAGNETO-OPTICAL TRAP 
Although optical molasses will cool 

atoms, the atoms will still diffuse out of the 

region if there is no position dependence to 

the optical force. Position dependence can be 

introduced in a variety of ways. Here we will 

only discuss how it is done in the 

"magneto-optical trap" (MOT). The 

position-dependent force is created by using 

appropriately polarized laser beams and by applying an inhomogeneous magnetic field to the trapping 

region. Through Zeeman shifts of the atomic energy levels, the magnetic field regulates the rate at 

which an atom in a particular position scatters photons from the various beams and thereby causes the 
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Figure 3. One dimensional explanation of the MOT. Laser beams 

with opposite helicity polarizations impinge on an atom from 

opposite directions. The lasers excite the J= 0 to J = 1 transition. 

The laser beam from the right only excites the m = -1 excited state, 

and the laser from the left only excites the m = +1 state. As an 

atom moves to the right or left, these levels are shifted by the 

magnetic field thereby affecting the respective photon scattering 

rates. The net result is a position-dependent force that pushes the 

atoms into the center. 
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atoms to be pushed to a particular point in space. In 
addition to holding the atoms in place, this greatly 
increases the atomic density since many atoms are 
pushed to the same position. Details of how the 
trapping works are rather complex for a real atom in 
three dimensions, so we will illustrate the basic 
principle using the simplified case shown in Figure 3. 

In this simplified case we consider an atom with a 
J = 0 ground state and a J = 1 excited state, illuminated 
by circularly polarized beams of light coming from the 
left and the right. Because of its polarization, the beam 
from the left can only excite transitions to the m = +1 
state, while the beam from the right can only excite 
transitions to the m = -1 state. The magnetic field is 
zero in the center, increases linearly in the positive x 
direction, and decreases linearly in the negative x 
direction. This field perturbs the energy levels so that 
the ∆m = +1transition shifts to lower frequency if the 
atom moves to the left of the origin, while the 
∆m = −1transition shifts to higher frequency. If the 
laser frequency is below all the atomic transition 
frequencies and the atom is to the left of the origin, 

many photons are scattered from the σ + laser beam, because it is close to resonance. The σ − laser 
beam from the right, however, is far from its resonance and scatters few photons. Thus the force from 
the scattered photons pushes the atom back to the zero of the magnetic field. If the atom moves to the 
right of the origin, exactly the opposite happens, and again the atom is pushed toward the center where 

the magnetic field is zero. Although it is somewhat more 
complicated to extend the analysis to three dimensions, 
experimentally it is simple, as shown in Figure 4. As in optical 
molasses, laser beams illuminate the atom from all six directions. 
Two symmetric magnetic field coils with oppositely directed 
currents create a magnetic field that is zero in the center and 
changes linearly along the x, y, and z axes. If the circular 
polarizations of the lasers are set correctly, a linear restoring force 
is produced in each direction. Damping in the trap is provided by 
the cooling forces discussed in section 2.1. It is best to characterize 
the trap "depth" in terms of the maximum velocity that an atom can 
have and still be contained in the trap. This maximum velocity 

 is typically a few times maxV Γλ  (Γλ  is the velocity at which the 
Doppler shift equals the natural linewidth Γ  of the trapping 
transition, where λ  is the wavelength of the laser light). 

σ−

σ +

σ−

σ−

σ +

σ +

Magnetic
coils

Polarized
light

 
Figure 4. Schematic of the MOT. Lasers beams are 
incident from all six directions and have helicities 
(circular polarizations) as shown. Two coils with 
opposite currents produce a magnetic field that is zero 
in the middle and changes linearly along all three 
axes. 
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Figure 5. 87Rb energy level diagram 
showing the trapping and hyperfine 
pumping transitions. The atoms are 
observed by detecting the 780 nm 
fluorescence as they decay back to the 
ground state. 

A much more complicated three-dimensional calculation using 
the appropriate angular momentum states for a real atom will give 
results which are qualitatively very similar to those provided by the 
above analysis if: (1) the atom is excited on a transition where the 
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Figure 6. Drawing of neutralizer chamber with the glass cell (highlighted in blue) for the MOT and the
required optics. Not shown are the magnetic field coils. The size of the larger CF flanges is 4.5 in.

be measured by the Faraday cup. Care must be taken when doing that, since the radioactive decay
will distort the readings of the Faraday cup. Charged particle emission (a and b radiation) will
induce a current after a sufficiently strong radioactive source has been accumulated. b� particles
will result in an extra positive current, while a particles will give an additional negative current.
Next to it, but not looking into the ion beam, is a silicon photodiode (Hamamatsu S3590-09) for
a detection. The detector reading increases every time the Y foil is in the upper position, and we
use it as an extra monitor for the francium beam (see figure 7). The solid angle of particles emitted
from the center of the Faraday cup onto the a detector is ⇠ 0.176 sr (1.4%). The information of
the a decay allows identification of elements and isotopes.

5.2 Laser systems

The cooling, trapping, and spectroscopy lasers reside on two separate optical tables in the labo-
ratory and are all locked to a scanning Fabry-Perot cavity [28]. There are two titanium-sapphire
lasers (Coherent 899-21, 899-01) pumped by one 18 W pump laser (Coherent Verdi V18). Another
titanium-sapphire laser (M Squared SolsTiS), pumped by a 10 W laser (Coherent Verdi G10), was
not yet fully commissioned at the time of the run. It will, however, serve as an efficient and reli-

– 11 –
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Figure 8. Fr MOT performance. a) False color CCD image of the MOT fluorescence of a cloud of about 105

209Fr trapped at the FTF. The pixel size of the camera is 6.7⇥6.7 µm2; an area of 0.86⇥0.86 mm2 is shown.
b) Black data points: integrated fluorescence from the trap as a function of time. Red line: an exponential
fit results in a lifetime of about 20 s, even though there are deviations from this model in the data. The right
y-axis is only approximate for these data as the calculated atom number has an uncertainty of ⇠ 40%.

Table 2. Frequencies for trapping and repumping of the three working isotopes. The accuracy of
±0.002 cm�1 comes from the wavemeter and the fact that these are not the resonance frequencies.

Isotope Trap (cm�1) Repumper - D2 (cm�1) Repumper - D1 (cm�1)

207 13923.548 13924.945

209 13923.470 13924.888 12238.380

221 13922.952 13923.560 12237.054

7.1 Different isotopes

We report the successful trapping of 207Fr for the first time, based on the frequencies of the D1 and
D2 lines measured at ISOLDE in the 1980’s [42–44]. 221Fr was used by the Boulder group [45],
and we trapped it on-line to prepare for tests of an off-line Fr source [32].

The frequencies for 209Fr (see table 2) agree with our previous work and with the work of
the Legnaro group [46]. The frequencies for 221Fr agree with the trapping done by the Boulder
group [45]. The stability of the cavity while switching between isotopes enables us to measure
isotope shifts with good accuracy using electro-optical modulator (EOM) sideband optical spec-
troscopy [47].

7.2 Trapping results and efficiency

We have successfully trapped up to 2.5⇥ 105 209Fr atoms at the FTF. This gives an efficiency of
about 0.05%, which we calculate by taking the peak number of atoms in the trap and dividing it by
the incoming francium beam integrated over the accumulation time. Figure 8b) shows the decay
of a 209Fr trap that is not refilled; the lifetime of 20 s is the result of having good vacuum of the
order of 10�10 mbar. We found, however, that, despite several stages of differential pumping in
our beamline, the ISAC low-energy beamlines were still influencing our trap lifetime depending on
changes in environmental temperature (and thus water vapor pressure).

– 16 –

• FrPNC experiment at TRIUMF 
• successfully trapped 206Fr 
• measured the hyperfine 

anomaly in 206,207,209,213,221Fr 
• will search for anapole 

moments and physics 
beyond the Standard Model
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Figure 3. Prototypical TRIUMF Neutral Atom Trap 2-MOT apparatus. A vapor-cell MOT traps
radioactives with 0.1% efficiency, and then the atoms are transferred with high efficiency [21] to
a second trap with detectors. A uniform electric field collects ion recoils to a microchannel plate,
where their position and time-of-flight (TOF) with respect to the β+ is measured. An additional
beam (‘D1 σ±’) can spin polarize the atoms by optical pumping when the MOT is off.

field to a microchannel plate (MCP). Their time and position of arrival at the MCP, along with
their known initial position in the trap cloud (which has size ∼1 mm), allows their momentum
to be deduced. Together with measurement of the β momentum by more established detection
techniques, this allows the reconstruction of the ν momentum in a much more direct fashion
than possible previously. (Measurement of the β energy is difficult, but there are kinematic
regimes—recoil momenta less than Q/c, where Q is the maximum β kinetic energy—for
which the neutrino momentum is uniquely defined from the other kinematic observables [20];
see section 2.2.1.) Therefore, the angular distribution of ν’s with respect to the β direction,
the β–ν angular correlation, can be measured.

A variety of methods exist to polarize laser-cooled neutral atoms and to accurately measure
their polarization, and some will be described in section 2.4. Knowledge of the polarization
of the decaying species is a limiting systematic error in many neutron β decay and µ decay
experiments. For most experimental tests of maximal parity violation, the polarization must
be known with error less than 0.1%.

The cold, confined atom cloud also provides a bright source for Doppler-free precision
spectroscopy of high-Z radioactive atoms. On the order of 107 photons s−1 are emitted into
4π for a saturated electric dipole transition. Forbidden transitions that move atoms from one
state to another can then be probed efficiently by laser probes exciting allowed transitions.
The atoms can also be interrogated repeatedly by strong laser, microwave and electric fields
in well-controlled environments. We will see several examples of these powerful techniques
below.

1.4. What elements can be trapped?

Tens of thousands of photons must be absorbed to slow atoms from room temperature, so until
recently it was assumed that neutral atoms must have reasonably strong cycling transitions
to be trapped (for a cycling or closed transition, spontaneous decay immediately returns
the atom back to the state from which it was excited by the laser, leading to continuous

5

• TRINAT: 
• laser catcher 
• laser transport 
• laser trap

Study of the angular 
correlation between 
the electron and the 
neutrino in β decay



Laser Traps in Action

28

topes. Detection and spectroscopy of the atoms captured in
the MOT were performed by exciting one of the three
cycling 2 3S1 ! 3 3PJ transitions at 389 nm and imaging
the fluorescence light onto a photomultiplier tube. The
frequency of this probing laser was continuously measured
relative to an iodine locked reference laser. The capture
and detection efficiency of the setup were substantially
improved compared to the previous 6He measurement
[4,9] by optimizing many components throughout the ap-
paratus. The signal-to-noise ratio of a single trapped atom
reached 10 within 50 ms of integration time. The total
capture efficiency was 1! 10"7 and yielded capture rates
of around 20 000 6He and 30 8He atoms per hour.

In the capture mode, the probing laser at 389 nm was
tuned on resonance for maximum fluorescence and the
trapping laser detuning and intensity were selected for
highest capture efficiency. Single-atom detection of 8He
triggered the system to switch into the spectroscopy mode
for 200 ms, while for 4He and 6He the system was con-
tinuously switched to the spectroscopy mode with a rate of
2.5 Hz. During the spectroscopy mode, the fluorescence
rate was recorded as a function of probing laser frequency
by scanning the probing laser with a 83 kHz repetition rate
over #9 MHz relative to the respective resonance center.
Additionally, the detuning and intensity of the trapping
laser were reduced, the slowing light was turned off, and
the probing and trapping laser beams were alternately
switched on and off with a 100 kHz repetition rate and a
cycle of 2 !s probing vs 8 !s trapping. This scheme was
developed to eliminate ac Stark shifts caused by the trap-
ping light while minimizing systematic heating and cool-
ing of the atoms caused by the probing light.

A total of 12 sets of measurements for the 6He-4He
isotope shift and eight for 8He-4He were taken during three
days. The measurements for 6He and the reference isotope
4He were each performed at several settings for the probing
laser intensity: from $3! Isat down to $0:3! Isat, where
Isat % 3:4 mW=cm2 is the saturation intensity of the tran-
sition. Small systematic shifts of the resonance frequencies
observed at high intensities showed no significant differ-
ence between 4He and 6He, but were found to vary slightly
over time, consistent with variations of the probing laser
beam alignment. This effect was taken into account for the
8He data, which could be recorded with signal-to-noise
ratios sufficient only for single-atom detection, i.e., at
$3! Isat.

Samples of resonance profiles for each isotope taken at
$3! Isat are given in Fig. 1. The 8He peak represents data
integrated over 60 individually trapped atoms accumulated
in two hours, while the 4He and 6He peaks were typically
acquired in less than 1 min. All peaks could be fit well with
Voigt profiles. The Gaussian widths of the fitted Voigt
profiles scale with m"1=2, as expected from a mass-
independent temperature of the trapped atoms, and become
smaller at lower intensity of the probing laser.

The isotope shifts for 6He and 8He relative to 4He ob-
tained in the individual measurements are plotted in Fig. 2
along with the extracted field shifts. Table I lists the
weighted averages of isotope shifts and field shifts sepa-

FIG. 1. Sample spectra for 4He, 6He, and 8He taken on the
2 3S1 ! 3 3P2 transition at a probing laser intensity of$3! Isat.
Error bars are statistical uncertainties; the dashed lines represent
least squares fits (with the listed reduced "2) using Voigt profiles.
The apparent peak broadening toward lower masses is due to the
m"1=2 scaling of the residual Doppler width.

FIG. 2. Experimental isotope shifts relative to 4He from the
individual measurements for 8He (a) and 6He (b). As expected,
the isotope shift depends on the J of the upper 3 3PJ state.
However, the extracted field shift values plotted in (c) show no
systematic J dependence for either isotope. The horizontal lines
in (c) mark the weighted averages and statistical error bands of
the field shift.

PRL 99, 252501 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
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Fig. 3 are the values from ab initio calculations based on
the no-core shell model (NCSM) [17] and Green’s function
Monte Carlo (GFMC) techniques [18]. Apart from those,
there are a number of cluster model calculations providing
values for rms point-proton and matter radii of both iso-
topes [19].

Most strikingly, the rms charge radius decreases signifi-
cantly from 6He to 8He, while the matter radius seems to
increase. The larger matter radius of 8He is consistent with
there being more neutrons and more nucleons altogether.
On the other hand, the larger charge radius of 6He is
consistent with the interpretation that the two neutrons
are correlated so that on average they spend more time
together on one side of the core rather than on opposite
sides. As a result, the recoil motion of the !-like core
against the correlated pair of neutrons smears out the
charge distribution. In 8He, the four excess neutrons are
distributed in a more spherically symmetric fashion in the
halo and the smearing of the charge in the core is corre-
spondingly less, leading to a reduction in the charge radius.
These effects are reproduced rather well by ab initio cal-
culations, giving further confidence in our understanding
of nuclear forces and in the method of calculation.
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FIG. 3 (color online). Comparison of rms point-proton radii
(circles) and matter radii (triangles) for 6He and 8He between
experiment (solid symbols) and theory (open symbols). The
vertical bands represent experimental error bands, consistent
with the spread and error bars of the reported values, and the
4He rms point-proton radius from [7]. For comparison, the 3He
point-proton radius is 1:77!1" fm [6].
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The ANL group has a 
large array of atom 
trapping capabilities. 
Highlighted here is 
the work on the halo 
structure in He, 
performed at ANL & 
GANIL…



Exotic laser 
spectroscopy
As if radioactive nuclei aren’t exotic 
enough!



Laser spectroscopy at CERN AD

30

AEGIS

ASACUSA

ATRAP



• Collinear laser spectroscopy 
✦ High resolution to probe the physics observable 
✦ High sensitivity to the equipment stability 

• Collinear resonance ionisation spectroscopy 
✦ High resolution from collinear geometry 
✦ High sensitivity from resonance ionisation

• Laser trapping for highest 
resolution 

• Laser spectroscopy to test the 
standard model and fundamental 
forces beyond nuclear physics
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Figure 1: The chart of the nuclides according to optical spectroscopy. Black squares indicate the stable
or very long-lived nuclei, red squares indicate optical measurements of radioactive isotopes/isomers.
Isotopes coloured green are measurements for which data as of July 2015 are currently unpublished.
Colour on-line.

Table 1: Table of optical measurements as of July 2015.
References published since the 2010 review of Cheal and
Flanagan [5] are highlighted separately in the fourth col-
umn.

Element Z Measured Isotopes Recent references Full references
H 1 1,2,3 [10] [10]
He 2 3, 4, 6, 8 [11] [11–14]
Li 3 6–9, 11 [15, 16] [2, 15–19]
Be 4 7, 9–12 [20, 21] [20–25]
Ne 10 17–26, 28 [26] [26–28]
Na 11 20–31 [2, 29]
Mg 12 21–32 [30] [30, 31]
Al 13 26, 27 [32, 33]
Si 14 28–30 [34] [34]
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