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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
lonization spectroscopy.

* |[sotope shifts and charge radii as a test for inter-nucleon interactions
and many-body methods

* Recent results from the CRIS experiment

* Concluding remarks
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Laser Spectroscopy Requirements

Exotic nuclei at the limits of stability Near Stability Nuclei

Selection of published radioactive
measurements (where yields are

known)
Very little known low resolution ok Resolution/precision frontier
Technique : Technique : Trapping Collinear In Gas Jet In-source
Fast due to short half-lives New physics requires high resolution «<——> | «—— : >
Highly selective due to isobars Sensitivity is not critical 10™ ! .
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Low yield requires a high sensitivity The method can be slow o : . -
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Collinear technique

Target lon source 4o oy Laser AE = mvAv = constant

W"h\ ?J?\ /- ( -----l
d 7 v amw- "\ 9 @ @ d—
bg-‘ % % \Q \ - [ [) R{\ >R Laser

Lasers A/Q lon trap Neutralizer
selection 30-60 kV

Yy -

M 10-100 MHz
High efficiency ~10% On average lower efficiency ~0.01%
a0
o] R | Composition, shape and size of

60l the nuclear wave function,

a without introducing
assumptions from nuclear
models.

Photon counts (s™')
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General Approach
Optical Spectroscopy Muonic Atoms Elastic Electron Scattering
Measured isotope shifts Measured transition energies Measured differential cross sections
Requires long chains where
, measurements exist across
SvM = FAM + M, A=A .
A4 many ISOtOpes.
with /:different transitions . .
e e Typically challenging for for
AGT =8 <t g 428 <t > + 28 <0 >+ .
o TS T G S  Teg Ps T e v odd-Z cases and everything
l Charge density distribution p(r) beyond Pb
Kingplot v ) ’\l‘.\
Barrett equivalent radius R}, 4—

optic

; v v
< Combined analysis

pe

Fricke & Heilig Nuclear Charge Radii (Springer 2004)

l Analysis of stable isotopes

Result: F; and M, providing 8<r?> for all isotopes (including radioactive)




=k rms nuclear charge radii,
o including radioisotopes,
for medium mass and g
heavy elements
Angeli & Marinova
Atomic Data and Nuclear Data Tables 99 (2013) 69
Features:

e Kinks at closed neutron shells

e 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)
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Proposed

(V.S. Letokhov et al, Zinal D7, 1984)
* High resolution,
* High efficiency

Collinear resonance ionization spectroscopy

e 1982: Outline of method proposed by Yu. A. Kudriavtsev and V. S. Letokhov, Appl. Phys. B29 219 (1982)

CRIS@ISOLDE

(R. de Groote et al. PRL 115 (13), 132501 (2015))
* Linewidth: 15-50 MHz
* Relatively high efficiency: 1%

* Low background e BMCP * Low background: 0.001 cps
| fo'ecmr,f}?ﬂ'.% . 1
é == C =N i e
~ . o, o PRSI [ Extend measurements to
. Neutralization . - Deflector
o'E Differential . fth |
118 cell puMping new regions of the nuclear
121 Gas filed RFQ chart.

cooler/buncher

" ey B
n
. BEE A

Separator

Measure states that were
previously obscured.

Target ion
source
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Variety of laser schemes, wavelengths requires a

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

Broadband Non-resonant

[ | R |

High-resolution

/ .

Continuous-wave
‘chopping’ setup

1 1

Frequency conversion units:
2w ,3w , 4w

Wavetrain ECD-X T I I I
1 1 ";fectd'::' Z-cavity Z-cavity Spectron
- Ti:Sa Ti:Sa oL | X 3
Matisse 2 M-Squared _
DS SolsTiS T I I I
i |
10W 18 W 10kHz50 W 100 Hz Litron
Millenia s t Lee Laser 532nm /1064 nm X3
Prime prou

Continuous-wave Pulsed

CRIS Laser system (defence in depth)
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Comparison of CRIS and fluorescence detection
Continuous beam Bunched beam

2007: A continuous beam it is just 30s/MHz | | 3.6 s/MHz
possible to measure 7?Cu in 24hrs
Background 3500 cps
2008: Cooler buncher allows same M

] 108000 NlGhZ' 0
measurement to be performed in 2 B w5 o B % w0 b
hours Background 30 cps cris (2016)
2016: CRIS (different transition) 42 0.2 s/MHz
minS %3 100: Bunched photon-detection
Background 102-10°3 cps " background rate

Frequency detuning from centroid (MHz)
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Modifications at CRIS 2017/2018
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* New Charge exchange cell
* Beam alignment

* Auto tuning

AR Vernon Nucl. Instrum. Meth. B (2019)
https://doi.org/10.1016/j.nimb.2019.04.049
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Recent changes
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pressure to 1.3e-10 mbar.
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Ablation ion source

e Use 532-nm laser
light to create a
pulsed ion source

* Perform CRIS on
these pulses

lonisation light

Resonant
light

cylindrical

it

cinzel -« .. 7 _deflector

532 nm lens . * )
. 3
» .
L Dumped

« F p * Electrostatic o ions
&

cell

\ﬁ’ > Extractor electrodes
o up to 1 keV
In target

9

Resonant ‘ " . » Io.n's
step ‘ lonization ’
50 Hep MCP . /
ad ns
Detector

~8ns
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* CRIS method enhances selectivity through kinematic shift
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. Yin
mm Pin

32666‘
. Frequency (MHz) . . . .
* Properties of the ion source will limit purity of the beam

A
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broadened
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Log. Counts (arb. units)

RIS scheme development
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R.F. Garcia Ruiz Phys. Rev. X 8, 041005 (2018)
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Reliable predictions of the neutralization process are critical
Ni atomic system studied at NSCL |
. . In* +K-In+K™* 1 Levels In*+Na—-In+Na™*
We extended this using NIST data tables = cmemame | )
o e | 1
Ionization step 400001
Resonant step =
'= 30000 : {
Neutralisation g ," x
+ 220000 ,,' 1 ' |‘\
[7 33° * ; el \\\
Mirror f Tons 10000~ ] : TSl
- P
Q Deflection 0- 0“¥ 0&3’.
into beamline : . . . . .
40 30 20 10 O 0 10 20 30 40
D. Rapp W.E Francis Chem. Phys., 37 (11) (1962), p. 2631 Relative population (%) Relative population (%)
C. Ryder et al. Spectrochim. Acta Part B At. Spectrosc., 113 (2015), pp. 16-21,
16

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

Ionization
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e
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Ioniza tion Laser
Excitation Laser

=300 -200 -100 0 100 200 300
Frequency Detuning from Resonance (MHz)

a1
(=]

Time (ns)
(=}

150

100

Tlme (ns)
) <

a1
[=]

57— Simultaneous

A

-200  -100 100 200

Frequency Detuning from Resonance (MHz)

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)
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Higher resolution and precision
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| —I Fit
. . 200t R
* First experiments used a 1.5 GHz laser % Oct 2012
system. + 4 Nov 2014
150l CRIS 2012
* New method of chopped CW laser p
spectroscopy: 20(1) MHz linewidth. > CRIS 2014
. . . }‘:, 100} |
e Same rate on 2°Fr in narrow linewidth z
mode.
50F
4 0 ‘ ) )
_ HeNe jb P2 N2 Pockels Behlke Relative Frequency (MHz) 2000 13000
cell c 6
WSUuU2 PSB1 P1 5
N2 Y §5
Matlsse TS Wavetrain H to CRIS N
experiment c 3
p N2 'éz
(LPY 601 | g B |
PSB2 O S6Ts o675 -54T5 15375 18775 15875 16375 19075

Laser frequency offset from centroid (MHz)

RP de Groote, et al. Phys. Rev. Lett 115 (13), 132501 (2015)
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CW laser

Precision and accuracy

FPI PBS
[

7
PD : Photodiode
M : Mirror
A/2: Half-wave plate
PBS:
FL : Fiber launch
L’/ Fiber
/ ¢ Laser beam
COSY : Saturation spectroscopy
module

Polarising beam-splitter cube

M2 Ppockels cell Experiment

» Precision of the frequency

measurement
> 0=0.77 MHz

» Consistency of hyperfine parameters
» In good agreement with literature

Intensity [a.u.]

Physical Review C 100 (3), 034304 (2019)
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Recent: last 4 years

Measurements made on
to ~20 atoms/second

2014-2018

production rates down
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Odd even staggering within region of
reflection asymmetry

D(N, 8(,_2)126,]\7)

— (_1)N(8<r2)126,N . %(8(’,2)126,1\/—1 _|_8(r2>126,N+1))

126,N . . .
§(r*) for francium and radium isotopes , 126,
, x . x : : Odd-even staggering of 6(r? )
¢ Fr (Literature) 0.06 — : ' '
gRa (Literature) .k ® w (L|Ferature) Phe
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KM Lynch et al. Physical Review C 97 (2), 024309 (2018)
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Previously missed isomeric state in 14In

* 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

S = (AWAB/F)2 Isotope
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Limits of the photoionization
‘peaks’ are 1064nm only, large 1Mn contamination —
175 A :
E 75 A 100|n Scan . Ly e, B
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4000 2000

Field ionization
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2000 4000
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Next Steps:

* Optimization of design

* Modification of the end of CRIS

* Demonstration of gain in
background at 1x101° mbar

 Expect x100-200 reduction in
collisional background (and
removal of photoionization
background)

d3/2 — (n=21) f5/2

Offline work in 2019: Field ionization of indium

. n=25, n=264

60 -
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S
5 407 n=24
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0 ‘ i i 1 o n‘. Beo o oo ome i ﬂ
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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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The CRIS Collaboration
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J. Billowes, C. Binnersley, M.L. Bissell, K. Chrysalidis, T.E. Cocolios, B. Cooper,
K.T. Flanagan, S. Franchoo, T. Giesen, R.P. de Groote, A. Koszorus, B.A. Marsh,
G. Neyens, H.A. Perrett , R.F. Garcia Ruiz, C.M. Ricketts, S. Rothe, A. Vernon,

K.D.A Wendt, S. Wilkins, X. Yang.
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