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Overview

• Assume some background in laser spectroscopy 
• Experimental considerations at on-line facilities
• Brief recap of collinear method and focus on collinear resonance 

ionization spectroscopy.
• Isotope shifts and charge radii as a test for inter-nucleon interactions 

and many-body methods 
• Recent results from the CRIS experiment
• Concluding remarks



Laser Spectroscopy Requirements
Exotic nuclei at the limits of stability

Expected yields <<1 atom/second
Lifetimes <1s
Relatively large isobar contamination 

Near Stability Nuclei
Expected yields >108 atom/second
Lifetimes >>1s
High purity (large fraction of the beam)

Resolution/precision frontierVery little known low resolution ok

Technique :
Fast due to short half-lives
Highly selective due to isobars 
Low yield requires a high sensitivity 
Lower resolution is acceptable

Technique :
New physics requires high resolution 
Sensitivity is not critical 
The method can be slow

Frequency (MHz)

Trapping Collinear    In Gas Jet In-source

Tempting to define experiments in a future 
laboratory with todays techniques.

Atomic Beam Magnetic Resonance

Laser Spectroscopy

Selection of published radioactive 
measurements (where yields are 
known)
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Collinear technique

Composition, shape and size of 
the nuclear wave function, 
without introducing 
assumptions from nuclear 
models.

Target Ion source

A/Q 
selection

Ion trap Neutralizer

Laser

Lasers

Laser

2-4 GHz 10-100 MHz

High efficiency ~10% On average lower efficiency ~0.01%

30-60 kV

30-60 kV



Charge radii from isotope shift 
measurements



Fricke & Heilig Nuclear Charge Radii (Springer 2004)

Analysis of stable isotopes

Combined analysis

Result: Fi and Mi providing δ<r2> for all isotopes (including radioactive)

General Approach

Requires long chains where 
measurements exist across 
many isotopes.
Typically challenging for for 
odd-Z cases and everything 
beyond Pb. 



Angeli & Marinova 
Atomic Data and Nuclear Data Tables 99 (2013) 69

rms nuclear charge radii, 
including radioisotopes, 
for medium mass and 
heavy elements

Features:

• Kinks at closed neutron shells

• Regular odd-even staggering (sometimes 

reversed due to nuclear structure effects)

• Obvious shape effects (Light Hg, N=60…)

• Radii of isotopes increase at ~half rate of 1.2A1/3

fermi (neutron rich nuclei develop neutron skin)



Collinear resonance ionization spectroscopy
• 1982: Outline of method proposed by Yu. A. Kudriavtsev and V. S. Letokhov, Appl. Phys. B29 219 (1982)

three orders of magnitude due to conservation of energy.  

  

a b a b 

LaserLaser

Proposed

• High resolution, 
• High efficiency
• Low background

CRIS@ISOLDE

• Linewidth: 15-50 MHz 
• Relatively high efficiency: 1%
• Low background: 0.001 cps

Extend measurements to 
new regions of the nuclear 
chart.

Measure states that were 
previously obscured.   

(V.S. Letokhov et al, Zinal D7, 1984) (R. de Groote et al. PRL 115 (13), 132501 (2015))



CRIS Laser system (defence in depth)

• Variety of laser schemes, wavelengths requires a 
versatile system. 

• Total 16 lasers (plus one on order) 
• Typical experiments use 50% of the system

x3

x3



Comparison of CRIS and fluorescence detection

2007: A continuous beam it is just 
possible to measure 72Cu in 24hrs 
Background 3500 cps

2008: Cooler buncher allows same 
measurement to be performed in 2 
hours Background 30 cps

2016: CRIS (different transition) 42 
mins 
Background 10-2-10-3 cps 

0.2 s/MHz

3.6 s/MHz30 s/MHz

Continuous beam Bunched beam

~1Ghz



Modifications at CRIS 2017/2018

• Auto tuning
• New Charge exchange cell
• Beam alignment

AR Vernon Nucl. Instrum. Meth. B (2019)
https://doi.org/10.1016/j.nimb.2019.04.049

New MagneTOF

 detec%on eMciency
 eNec%ve area
 max count rates 107 ions/s
 damage threshold

{Higher 

https://doi.org/10.1016/j.nimb.2019.04.049


Recent changes

Lasers 

Charge exchange and two stage 
differential pumping. 
NEG pump, better particle 
detectors-> x20 improvement in 
pressure to 1.3e-10 mbar.



Ablation ion source
• Use 532-nm laser 

light to create a 
pulsed ion source

• Perform CRIS on 
these pulses

Ions

Ionisation light

Resonant 
light



RIS scheme development

• Properties of the ion source will limit purity of the beam
• CRIS method enhances selectivity through kinematic shift 

ΔEhf ¼
AhfC
2

þ Bhf

8

3CðCþ 1Þ −4IJðI þ 1ÞðJ þ 1Þ
IJð2I − 1Þð2J − 1Þ

;

ð19Þ

with C ¼ FðF þ 1Þ − JðJ þ 1Þ − IðI þ 1Þ, where F takes
all values between jI − Jj and I þ J in integer steps. The
isotope shifts δνAA

0
were extracted from the differences in

the hfs centroids, δνAA
0 ¼ νA − νA

0
, measured for the isotopes

A and A0, respectively.
An example of the fit to a TOF-corrected hfs spectrum

measured for the 246.8-nm transition of 115In is shown in
Fig. 8. Typically, reduced χ2values between 1 and 2 were
obtained for all of the fitted hfs spectra.
A resolution of about 80 MHz was obtained for zero

extraction voltage, and the TOF correction allowed almost
perfectly symmetric line shapes to be achieved with
FWHMs down to 50 MHz (Fig. 8). The fitted values for

the hyperfine-structure constants of 113In and 115In are listed
in Table I.
To investigate the influence of the TOF correction, the

hfs parameters were analyzed for different extraction
voltages with and without TOF correction. An example
of the results obtained for the 246.8-nm transition of 115In is
shown in Fig. 9. The extracted hfs parameters for two
different extraction fields and respective TOF corrections
are compared with our reported values presented in Table I.
In general, a good agreement was found among the
different approaches, but considerably smaller statistical
uncertainties were obtained when the TOF correction was
applied.
Our measured hfs values, reported in Table I, are in good

agreement with previously reported values for the 2P1=2;3=2

states. For the P5=2, two measurements of the magnetic
dipole constant are reported in the literature. Our new
results agree with the value reported in Ref. [62], improving
the uncertainty of this value by more than 1 order of
magnitude. For the 113In isotope with a lower natural
abundance of 4.3%, less experimental information is
available. In the current approach, both isotopes can be
clearly separated and measurements can be performed with
a low background (see Fig. 6). A complete scan for this
isotope was performed with a similar time as for 115In
(∼5min). Signal-to-background ratios of the order of 103

and 104were obtained for 113In and 115In, respectively.
The mass-separation power can be quantified by the

selectivity parameter, S ¼ ðΔω=ΓÞ2, which relates the
maximum frequency separation between two isotopes
Δω and the resolution of the observed hfs peaks Γ. We
have achieved a selectivity of 2× 104 at 20 keV for the
246.8-nm transition. As illustrated in the insets of Fig. 3,
using traditional RIMS techniques (at rest), the hfs spectra
of both isotopes present a large overlap. For the same hfs
resolution, the selectivity obtained at 20 keV is 600–2600
times higher than the value at rest.
A relative isotopic composition of 113In=115In ¼

4.30ð16Þ% was obtained from the ratio between the
integrated counts in the measured hfs spectra. Although
further studies are needed to verify the accuracy that can be
reached in the determination of isotopic compositions, our
results are very encouraging. This can be compared with
standard techniques, e.g., laser ablation–inductively
coupled plasma–mass spectrometry (LA-ICP-MS), which
reaches a typical precision of a few percent [64]. The
determination of isotopic compositions in materials has
applications in diverse fields such as environmental scien-
ces, geology, archaeology, biology, and medicine [65–67].
In order to identify other possible sources of systematic

uncertainties, the hfs values for each transition were
extracted for different experimental conditions as well as
different considerations during the data analysis. The latter
was affected mainly by different binning choices in time

FIG. 7. Frequency cut for isotope selection. Measured hfs
spectra for 113In and 115In in the 246.8-nm line using an extraction
field of 0.02V=mm around the ablation plume. The surface plot
shows the counts on the MCP detector as a function of the laser
frequency (x axis) and TOF of the ions arriving on the MCP
detector (y axis). The blue and green squares show the frequency
cuts for the hfs spectra of 115In and 113In, respectively. The
corresponding frequency-gated TOF distributions for 113In
(green) and 115In (blue) are shown on the right.

FIG. 8. Fitted hfs spectrum and residuals. Example of a fitted
TOF-corrected hfs spectrum measured for 115In in the 246.8-nm
transition using “zero” extraction field. The total number of
counts are normalized to 100 at the highest peak. The continuous
lines show the fit with Voigt profiles. The residuals for the fit are
shown on the bottom figure.

HIGH-PRECISION MULTIPHOTON IONIZATION OF … PHYS. REV. X 8, 041005 (2018)

041005-9

laser beam waist of approximately 1 mm, corresponding to
a fluence of 0.5 J=cm2. A Quantum Composers 9528
digital delay pulse generator was used to synchronize
the laser pulses with the ablated ions.

C. Collinear laser spectroscopy

The acceleration of the ions to the final energy E
significantly reduces the velocity spread of the ion beam.
As the initial energy spread δE is conserved through
acceleration, the velocity spread of the accelerated beam
is reduced by δν ¼ δE=

ffiffiffiffiffiffiffiffiffiffi
2mE

p
, where m is the mass of the

ion. This reduction of Doppler broadening and the optimal
overlap between the atoms and the laser beams are some of
the main advantages of performing laser spectroscopy on
accelerated beams for high-resolution studies [40,41]. An
energy spread of 10 eV, for example, causes a Doppler
broadening of 27 GHz at wavelengths around 246 nm. This
large Doppler broadening does not allow individual tran-
sitions between different hyperfine-structure levels to be
resolved, which are typically separated by less than 1 GHz.
However, by accelerating the ions up to 20 keV, the velocity
spread decreases significantly, reducing the Doppler broad-
ening between 100 and 400 MHz. This velocity-spread
reduction of nearly 2 orders of magnitude allowed a
complete separation of the hfs peaks for the In atomic
transitions studied. As we explain in Sec. IVA, further
reduction of the Doppler broadening down to 50 MHz was
achieved through correction of the resonant line shape
using the time-of-flight information.
After the 20-kV acceleration, the bunches of laser-

ablated ions were redirected into the CRIS experiment at

ISOLDE-CERN [11,17]. A schematic of the experimental
setup is shown in Fig. 3. As the states of interest are in
atomic indium, the ions were neutralized in flight by using
a sodium-vapor cell at approximately 250 °C. After the
neutralization process, the non-neutralized ions are
removed by an electrostatic deflector. The neutral atoms
follow a straight path towards an interaction region held at
3 × 10−10 mbar, where they are collinearly overlapped with
the laser pulses. In this region, a narrow-band laser pulse is
used to resonantly excite the indium atoms to the atomic
state of interest. The use of pulsed lasers provides signifi-
cant advantages for performing resonance ionization. The
high-peak photon densities produced by pulsed lasers allow
transitions to be easily saturated, allowing efficient reso-
nance ionization to occur. This high peak-photon density
means that production of deep-UV light can be achieved
with relatively simple setups when compared to the
expensive and complex setups required for efficient
higher-harmonic generation of continuous-wave light. A
second high-power laser pulse (532 or 1064 nm) is used to
promote the electron from the excited state into the atomic
continuum. The resonantly ionized ions are then separated
from the noninteracting atoms via electrostatic deflector
plates, and are detected by a microchannel plate (MCP)
particle detector. The background associated with the dark
count rate of the MCP and collisional ionization of beam
contaminants is highly suppressed by setting a 4-μs gate on
the signals, corresponding to the time of flight of the atom
bunch of interest along the interaction region.
The insets in Fig. 3 show the simulated hfs spectra for

113In and 115In in the 246.8-nm transition. At rest, the hfs
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FIG. 3. Experimental setup used for the study of indium isotopes. Bunches of laser-ablated indium ions were accelerated up to an
energy of 20 keVand neutralized in flight by a neutralization cell loaded with sodium. Remaining ions were removed by an electrostatic
deflector, and the neutralized atoms followed a straight path towards an interaction region, where they were collinearly overlapped with
the laser beams. The hyperfine-structure spectra were measured by recording the count rate on the MCP detector as a function of the
resonant laser frequency. The insets show the simulated hfs spectra for 113In and 115In using the 246.8-nm transition. The spectra are
compared with the Doppler-broadened spectrum (red color) and Doppler-free spectra for ions at rest and accelerated up to 20 keV.

R. F. GARCIA RUIZ et al. PHYS. REV. X 8, 041005 (2018)

041005-4

R.F. Garcia Ruiz Phys. Rev. X 8, 041005 (2018)
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Charge exchange

Figure by A. R. Vernon* 

AR Vernon et al. Spectrochimica Acta Part B: Atomic Spectroscopy 153, 61-83 (2019)

• Reliable predictions of the neutralization process are critical
• Ni atomic system studied at NSCL
• We extended this using NIST data tables

D. Rapp  W.E Francis Chem. Phys., 37 (11) (1962), p. 2631
C. Ryder et al.  Spectrochim. Acta Part B At. Spectrosc., 113 (2015), pp. 16-21,



Higher resolution and precision

Separating pulses in time reduces line 
broadening and possibly interference effects 
associated with coherent excitation of two or 
more quantum states. 

RP de Groote et al. Phys. Rev. A 95, 032502 (2018)



High resolution
• First experiments used a 1.5 GHz laser 

system. 
• New method of chopped CW laser 

spectroscopy: 20(1) MHz linewidth. 
• Same rate on 219Fr in narrow linewidth 

mode.

RP de Groote, et al. Phys. Rev. Lett 115 (13), 132501 (2015)
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Precision and accuracy 

47K

Ø Precision of the frequency 
measurement
Ø σ = 0.77 MHz 

Ø Consistency of hyperfine parameters
Ø In good agreement with literature 

Physical Review C 100 (3), 034304 (2019)



2014-2018
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• Recent: last 4 years 
• Measurements made on production rates down 

to ~20 atoms/second
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LASER-SPECTROSCOPY STUDIES OF THE NUCLEAR … PHYSICAL REVIEW C 97, 024309 (2018)

FIG. 2. Hyperfine structures of the neutron-rich radium isotopes
222−232Ra measured by collinear resonance ionization spectroscopy,
relative to the centroid frequency of the reference isotope 226Ra. The
dotted lines illustrate the weighted centroids for the odd-A isotopes.
The yaxis displays arbitrary units that are different for each isotope.

The most neutron-rich isotope 233Ra was only measured in
low resolution. In Fig. 3 (top) the newly measured (high-
resolution) hyperfine structure of 231Ra is compared to the
(low-resolution) measurement of 233Ra (bottom), from which

FIG. 3. Hyperfine structure of (top) 231Ra in high resolution, and
(bottom) 233Ra in low resolution, both plotted relative to the centroid
frequency of the reference isotope 226Ra.

the change in its relative charge radius only can be extracted.
Each hyperfine structure was fit to a pseudo-Voigt line shape
using a χ2-minimization routine to extract A(3P1), B(3P1) and
the centroid frequency νA.

The even-even isotopes in Fig. 2 show the typical single-
peak structure resulting from their 0+ nuclear spin. The odd-A
isotopes in Fig. 2 have either two (for spin I = 1/2 isotopes)
or three (for I > 1/2 isotopes) hyperfine-structure peaks.
The third peak in the hyperfine structure of 227Ra was not
measured, and the intensity of the FI → F ′

I−1 peaks in the
hyperfine structures of 229,231Ra are smaller than expected
from angular-momentum coupling considerations. This is
suggested to be from (despite chopping the laser light) the
linearly polarized cw light optically pumping the atoms into
the mF = m±I substates of the 1S0 atomic state. These “dark”
substates reduce the population available to be excited to the
F ′

I−1 upper state, thus reducing the intensity of the hyperfine
structure peak. To fit the hyperfine spectra of 227Ra, the
ratio B(1P1)/B(3P1) = −0.896(5) was used, experimentally
determined for the isotopes 221,223Ra [8].

The nuclear spins I and isotope shifts (δνref,A = νA − νref )
of the neutron-rich radium isotopes are presented in Table I.
For completeness, column 3 presents the isotope shifts relative
to the reference isotope 226Ra and column 4 presents the
isotope shifts relative to 214Ra at the N = 126 shell closure,
using δν226,214 = +41744(4) MHz measured from this work.
The centroid of the closest-in-time reference scan was used
to calculate the isotope shift for each isotope. For 231Ra,
the isotope with the largest data set, a standard deviation
of 3 MHz on the isotope shifts was present. Therefore, a
systematic uncertainty of 3 MHz was assigned to each δν226,A

isotope shift, to account for the scatter over the course of the
experiment. For isotopes with multiple scans, the weighted
mean and weighted standard deviation of A(3P1) and B(3P1)
were calculated. Literature values of the 714-nm transition
isotope shifts are taken from Ref. [8].

024309-3

Over 90 radioactive isotopes 
studied (K, Sc, Cu, Ga, In, Sn, 
Fr, Ra)

K

In

Sn

Ra

Cu



Odd even staggering within region of 
reflection asymmetry

KM Lynch et al. Physical Review C 97 (2), 024309 (2018)



Previously missed isomeric state in 114In
• One of the most difficult sources of “contamination” is the nuclear ground state which can 

be produced at rates 100s of times greater than isomeric states.
• Multistep RIS offers far higher selectivity than is possible from a mass spectrometry 

S1

S2
S=ΠSi = S1*S2

Si of >104 is possible 

Isomer Isomer
Isomer



Limits of the photoionization
‘peaks’ are 1064nm only, large 100Mn contamination

100In Scan

246 nm

1064 nm

Field ionization



Offline work in 2019: Field ionization of indium
Next Steps:
• Optimization of design
• Modification of the end of CRIS
• Demonstration of gain in 

background at 1x10-10 mbar
• Expect x100-200 reduction in 

collisional background (and 
removal of photoionization 
background)



Remarks
• CRIS is one variety of the general collinear laser spectroscopy 

method.
• Laser spectroscopy is currently a very active field with many groups 

around the world working towards the limits of nuclear existence. 
• We are continuing to upgrade and optimize the CRIS method and 

certainly have more yet to gain.
• Charge radii provides a test to inter-nucleon interactions and many-

body methods.
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Energy spread correction


