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Lecture 2: |

UNIVERSITY OF JYVASKYLA
— A short introduction to radioactive ion
beam production

— Laser resonance ionization

— Optical spectroscopy and the "achilles
tendon” 7=82

— Doppler-free approaches

N=152

S - N=126

Unpublished (at the time)

P. Campbell, IM, and M. Pearson, PPNP 86 (2016) 127
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A radioactive i1on beam toolbox |

UNIVERSITY OF JYVASKYLA

* Fragmentation: high energy protons/heavy ions proton ( ~1 GeV) on 238U
« Fission: proton, neutron, photon-induced
« Spallation: high energy protons

* Fusion: light- and heavy-ion induced

ﬁ

spallation

fusion

fission

fragmentation

Since 1863. 1.D. Moore, EJC 2021
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The Isotope Separation On-Line method .
Projectile First developed in 1951, Niels Bohr Institute
source
mass separation
High-energy

primary beam

Target )
= to experlments

Radioactive atoms

Ion @ projectiles () target material @ neutrals &) ions
source
Q000000 O00000000e00
Low-energy Z & T,,, dependence c ooooe
lon beam n o o EnEEnEEN
EICRCR OO b EEEER
L1016 RIECCE BOEER
Separator LIRICRICIE 0N
i ERE N EE
Mass selection |- e
il & B EEER
10-100 keV
: OROR R R RRRRRIRIEIEIEICM
Experimenta .
setups eg, ISOLDE, TRIUMF, GANIL... +2°°Pb, Bi, Po, Rn, Fr...
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The in-flight method

Projectile source

High-energy
primary beam

Projectile fragments

Isotope selection

<1pus

Medium-energy
ilon beam °

Storage-Cooler
Ring

Since 1863.

UNIVERSITY OF JYVASKYLA

First in-flight separator, Oak Ridge (1958)

Primary beam
{heavy ions) I

T

Thin target

F ragment separator

. Radioactive
;I ion beam

I T

Very fast separation, access to us half-lives
and beams of ALL elements

Often poor beam quality

Precision experiments at low-energy not
directly accessible

eg, GANIL, GSI, NSCL/MSU, RIBF RIKEN...

1.D. Moore, EJC 2021



The (IG)ISOL / gas catcher (hybrid) method T

UNIVERSITY OF JYVASKYLA

Projectile source “The best of both worlds”™ Fast beams
Purification in-flight

Thin target

« Extraction of ions in gas flow (ion guide), or electrical fields (gas catcher)
e For the IGISOL method the (stopping) efficiency is relatively low, poor selectivity
» Universal method of radioactive ion beam production

Since 1863. 1.D. Moore, EJC 2021
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Universality — an advantage and a drawback |

UNIVERSITY OF JYVASKYLA

Your favorite exotic nucleus

Gas catcher, Argonne National Lab

Since 1863. 1.D. Moore, EJC 2021



Selectivity — why do we care? |

UNIVERSITY OF JYVASKYLA

Isotope production for a 1 GeV p beam on a La target

[—+—2He -=-4Be |

1E+11 5B 6C
—a— TN —=—80
1E+10 —9F ——10Ne
-~ 11Na 12 Mg
1E+09 13 Al 14 Si
15P 168
g 17 Cl 18 Ar
g 1E+08 . 19K - 20Ca
. 21Sc 22 Ti
:J/ 1EH0T 23V  —=—24Cr
= « 25Mn - 26Fe
« 1E+06 —+—27Co —— 28 Ni
c —20Cu —+—302n
2 1E+05 - 31Ga —+-32Ge
(&) —»— 33 A8 —— 34 Se
2 30y —-mz:
o 1E+03 41 Nb —=— 42 Mo
—#—43Tc -—=+»—44 Ru
1E+02 —+ 45Rh —46Pd
1E+01 - /=50
1E+00 ISR AR Hs U e S DN EEAE V1 DAY (LTS PRN a1 SN
0 55Cs -— 56 Ba
5TLa —s=—58Ce
Isotope mass [amu] _
J. Lettry, V. Fedoseev (CERN) Mass separation alone
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Element selectivity — the atomic fingerprint

UNT\’i?]{S |
non-resonant excitation of ionization of
" jonization auto-ionizing states Rydberg-states
extraction
~6 eV )

- P oo erI(_i _or
\ , collisional

—_~ -17 2 _ -15 . ) )
| R c; ~10~="cm o; ~10>cm ionization

higher excited

states

Pd 108
26,46

27,33 |gEN

é first E — Laser On
CT) excited 1 jo-to] | — Laser Off
— | state -
v =10 S
L. 10711} .
og ~1012cm2 & 5
5
~ 101 m
ground \| L | f LW dh b
_| state = 10| TR “' [\ | Ilf'
0
0 eV

101 102 103 104 105 106 107 108 109 110 111 112
Mass [u]

SELECTIVITY & EFFICIENCY

V.N. Fedosseeyv, Y. Kudryavtsev, V.I. Mishin, Phys. Scr. 85 (2012) 058104
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Mass scan over all stable Pd isotopes
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What is optical (laser) spectroscopy? o1
Excited energy levels (S,) o 100 | |
; __ Vlaser - v0 __
L t~10-30 ns =T

—g——

20 — -

detector 2ol -
& . :
Ty |V o ‘_
Laser Fluorescence i N aM LHM”HI'H |

V 0
L ———--—— Laser frequency >

Counts

The absorption cross section of a photon
by an atom and subsequent relaxation is
Ground energy level (Sy) ) given by a Lorentzian function:

When v, = v,
resonant absorption. 22

T o {1 - [4nr(1v - vo)]z}

o RAN2/2T
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Detection of single trapped barium ions

UNIVERSITY OF JYVASKYLA

A trapped Ba* ion cloud with
estimated number <50 ions
in the cloud

W. Neuhauser et al, PRL 41 (1978) 233

Ruben will discuss barium as an

Individual trapped laser-cooled Ba* ions
example of a precision measurement (Courtesy of the TRIUP group, former KVI)

JYU. Since 1863. 1.D. Moore, EJC 2021



Resonance ionization spectroscopy (RIS)

UNIVERSITY OF JYVASKYLA

In a variant to laser ionization for RIB production, we can tune the laser frequency of
a chosen transition = Resonance lonization Spectroscopy (RIS). The lasers are sent
into the ion source and the wavelength of an atomic excitation step is scanned.

a b
1.45 GeV .
Protons _ Non-resonant — ; Nuclear Spin
p T ionization step 181 f{ i
i A €
I D %m g I 1/2_
2 A K]
! VADLIS GPS 313.18 nm Frequency f ]
= lon source Magnet 5 W | JL:
oe A 1 A s T = ¥ ¥
i B SR e R ‘ 180
7 fanstion| 253.65 nm I Hg
: Ngasn RS W 0*
v \_ Molten 2 o
Pb target ?y Windmill ——
Radioactive decay 2 7949
.p- spectroscopy 2 ( ')
ISOLDE facility, G e o 8 /2
CERN Faraday 0" 0 ——
Cup ’ 178Hg
lon current | | O+
measurement _?_
/ Contaminant é MR-ToF MS __177Hg 7/2_
species . _ _ ( )
Time-of-flight mass
Isot(f)pe . Alai é spectrometry
0 @ lon == bbb
interest - —-16,000 0 16,000

|

Laser frequency detuning (MHz)

B. Marsh et al., Nature Phys. 14 (2018) 1163
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The achilles heel”” of optical spectroscopy |

UNIVERSITY OF JYVASKYLA

The observed transition linewidth can be broadened by Doppler effects

o 1. Laser

e

V4 -
S
Doppler shift  f'= f,(1+—) ® _

C Doppler broadening

Thermal motion is a Maxwell-Boltzmann probability distribution. Causes
a spread of frequencies observed by atoms

mc?(f - f,)? A f \/8ka In2
P(f)df ocexp(— 2kaf02 )df FWHM 0 o2

Since 1863. 1.D. Moore, EJC 2021



Doppler broadening |

UNIVERSITY OF JYVASKYLA

Hot cavity ion source
)  Hot cavity "
» Crossed beams |
0{4?“‘ Spallation o ‘ 232Th
0 9__.“_% j @
. ~
=
c |
80.4_— 261.241 nm
0.2t
Og - - : ‘
-3000 -2000 —-1000 0 1000 2000 3000

Detuning in MHz

Natural linewidth 35 MHz; spectral linewidth 2.4 GHz (in oven), 170 MHz
(crossed beams configuration)

The Doppler broadening is often comparable or greater than HFS or 1S!

Since 1863. 1.D. Moore, EJC 2021



Crossed atomic beam laser spectroscopy |

UNIVERSITY OF JYVASKYLA

Incident laser beam interacts perpendicularly with a collimated beam of
atoms. Resonant photons are detected orthogonally.

1250

- T | T T | T | T T | T | T | T
- oA 102Ru |
. U Ru (/=44
g, 1000 — U ( ) _
: i 104Ru l

100
Ru

500

250

g
=

Intensity (Counts)

Narrow band

mterference
filter

I } I I‘J'kl } |“‘A1‘ I } T
1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
E Frequency (MHz)

« 5 even-even isotopes
o 2 odd-A isotopes (15 HF components each)

T~2500K ¥
Ta tube (1.6 mm
( ) Oven 1B

D.H. Forest et al., J. Phys. G 41 (2014) 025106
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Power broadening I

UNIVERSITY OF JYVASKYLA

Another source is due to the laser intensity - power broadening.

232 ° - z
Rl 51398 - Natural linewidth: « " |27 i

2000- =135 MHz g O FWHM = 625 MHz
: @ FWHM = 1400 MHz

-
[6)]
o
o

38659 cm?

Counts / s

1000¢

26 287.05 cm™

6d?7s7p °D",
500
380.42 nm
Ay=1.3"10% g | - [ — T R R -,
y 26287.02 26287.04 26287.06 26287.08
6d27s2 3F
2

V. Sonnenschein, 1.D. Moore et al., EPJA 48 (2012) 52

 For RIB production: optimum efficiency I
»  For spectroscopy we trade efficiency Fpower =T |1+ /I
for spectroscopic resolution sat
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Pressure broadening (in-gas cell RIS) |

UNIVERSITY OF JYVASKYLA

Pressure broadening

In a similar drawback to the I1SOL
(hot cavity) approach, the spectral
resolution of an atomic resonance
suffers within the gas cell -
pressure broadening and shifts due
to collisions with buffer gas atoms.

Total FWHM [GHz]
.

Ni: 11 MHz/mbar
Cu: 5 MHz/mbar

=3

= IIII|IIII|II
5_
=]
=]
=

o, £ | T
./ . o 00 a0 500 600
.‘ [ Laser Pressure [mbar]
, () \. Pressure shift
® l/' e i
. __ 05 ;—'
.. 5 af
Doppler + Collisional = F
I O
E -25_
« Element dependent g F
i 25 =1 Ni: -6 MHz/mbar
° +/- =
Shifts can be +/ £ | cu -2 MHz/mbar
S TR IS Y ) N N W TR A VAN NN (O AT Gl G N A S (O e |

=

100 200 300 400 500 600
Pressure [mbar]

Since 1863. 1.D. Moore, EJC 2021

T. Sonoda et al., NIMB 267 (2009) 2918 :



In-gas cell RIS of stable tin isotopes

Al 61238.5cm™1
IP = = = = 5923269cm™!
E _
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—
o
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<
Y} 39257.05cm™?!
e
c
™
N~
<
Ln
N
Ocm™?

Voigt Fit FWHM [MHZz]

Pressure Broadening - Step 1

Centroid Position
-659014878.0 [MHz
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= 200001
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30000+ !
250001
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150001
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For more details, please visit the poster of J. Romero!

Since 1863.

Centroid Position
-1176902830.0 [MHz]

-

UNIVERSITY OF JYVASKYLA

Pressure Shift - Step 1
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Gas Jets: a cold environment for spectroscopy |

UNIVERSITY OF JYVASKYLA

Current efforts are invested into exploiting the gas-jet enviroment, in
combination with state-of-the-art (injection-seeded) laser systems

Gt 2I5AC (11,7170 ms)
G I lons of all reaction products ~ 300 T —T - T T
e, Neutralized reaction products — Gas cell| It . 2157 ¢
© Laser ionized Ac — Gas jet e T
= 350
< 100 > % 3
s pe L 2 200 -
é : W Q > ucj
2 07 i_r o
N Au o ’ €
o ]
0.03 target B % RE é
et y . 100 -+
- de Laval ion guide  © . _
B .-.l nOZZ|e f——— ‘,r I- I, z : 1 _‘---—' B
23’3? S0 e AN Roc SRR RSB a0008 - ﬁ i
0 T T T T T
-40 -20 0 20 40
= v —683,618.211 (GHz)

- in gas cell -in gas jet

R. Ferrer et al., Nature Comm. 8 (2017) 14520

R ———— — —— Posters of Steven Nothhelfer &

Jekabs Romans —gas jet spectroscopy
A. Zadvornaya et al., PRX 8 (2018) 041008 for heavy elements & S3
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Collinear beams laser spectroscopy |

UNIVERSITY OF JYVASKYLA

In a collinear geometry, light, whether co-

or counter-propagating with the ion beam, 1. Accelerate all ions to energy E

interacts with accelerated ionic E = eV = Yomv?
ensembles.

| — 1

| | Laserbeam 2 1N€ energy spread SE (from

l source) remains constant

«— > )
== mv
- . oE = 6(——) = mvdv = const.
Analysing 2

magnet

30-60kV Photomultiplier 3. The corresponding velocity spread is

Fast ion beam tube decreased and we obtain the Doppler

OE>1eV width (in frequency):
Accelerator beam
Ton .
source o E
DI I ——
51/ Vv Dopp|er 2€Vm(,2
D "0+ broadening (frequency space) s.L. Kaufmann, Opt. Comm. 17 (1976) 309

W.H. Wing et al., PRL 36 (1976) 1488
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The effect of the velocity compression |

UNIVERSITY OF JYVASKYLA

“Rb Hyperfine Structure

60 |
40 f
20F

FWHM = 1334MHz T:2060 K |

60 FWHM = 483MHz

reduction in
Doppler

WIIM = 120 | :
| EWEM = e jL broadening
0 t ; f ¢

1 1 1 v

W
= =
1

Counts [arb. unit]
| ]
=

o
=
T

FWHM = 25MHz

Natural linewidth 2 J’k
reached 0

—2000 —1000 0 1000 2000
Frequency relative to Dy transition centroid [MHz]

Typical ion source energy spreads are ~1 eV. Acceleration of medium-mass
nuclei to 30 keV produces a 3 order of magnitude velocity compression
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Doppler tuning the ion/atom beam |

UNIVERSITY OF JYVASKYLA

235 (1=7/2)
F=1
CW tunable laser J=9/2 &
Charge D -
lon exchange
Source E = ?
1:??:" E
...... .. :
Separator J=9/2 = :
electrostatic F=28
acceleration
(30-60 kV)

Applied Doppler
tuning voltage

30000 30500 31000 31500 32000 32500
Frequency [MHz] (wrt 238U)

Doppler-shifted (relative) frequency
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Count rates for low flux 1on beams |

UNIVERSITY OF JYVASKYLA

The collinear beams technique has high sensitivity. All ions/atoms
pass through the laser beam and contribute to the fluorescent signal.

However......

Signal (laser on resonance) =
1 photon detected per 1,000 ions in beam

Background (laser light scatter) = 200 photons / sec
(per mW of laser light)

Low-flux beams (1,000 ions / sec): background must
be suppressed to see signal.

Since 1863. 1.D. Moore, EJC 2021



Photon-ion coincidence technique I

UNIVERSITY OF JYVASKYLA

The laser-ion interaction region

Position sensitive light collector

Deflector Plates Brewster Window

Ion beam

Segmented ’ Multi-Channel

PMT (16-fold) Eﬁiﬁi&f Mulgfplier

Tuning voltage adjusts ion - Laser Trequency "locked”
velocity to Doppler shift it into | baia Aquisition 0 & reference for long-
resonance with locked laser term stability

Accept photons in delayed coincidence with the corresponding ion (or atom). Position
sensitivity along the detection region can enhance the time resolution (to ~20 ns).

D.A. Eastham et al., Opt. Commun. 82 (1-2) (1991) 23
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Bunched beam spectroscopy
29.9 kV

0 20 40 E-IO BIO cm
I T T | 1

Mass Separator

Extraction

NN N | — Laser
S — >
Ol L] IIIIIIU\ = It beams
r End-plate 5|J.S
I I N
Acceleration
I I region C__U PMT
S Release
1T S o e Helium-filled radio-frequency trap
D
301V 2 Reacceleration \ * lon beam accumulated 10 - 100s of ms
+ - s,
= potential 7 * Releasedasafew psbunch
A4

»
»

Accept photons in a time window during which the bunched beam passes. Temporal background
compression of ~10% routinely achieved.
P. Campbell et al., PRL 89 (2002) 082501
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Photon-ion coincidence vs. bunched beams |

UNIVERSITY OF JYVASKYLA

200
L L 4200 Ungated
. ingle-i - (@) 1
5 h of data collection Fhlonargge-an 1000} ‘ :
. coincidence _ ‘ . ,
lon flux 12000 ions/s 7 2 2200l ™I | g
mg_g :I ill ‘ : !‘ .II .ll:li Ii p | |II|I.
S 150 — S | 14
] S 3400 R
& 60 & . i : { . i .
c o
125 s Gated (64-70 ps)
D £ S30f |
8 100 — “20¢
= 45 mins of data collection bunch gating ) 10 )
LO  |on flux 2000 ions/s S87r fooo T S0 o 500 1000
20 L . Frequency relative to centroid (MHz)
L . . I ] I ! I ! I ! [
E ml i o PL© 3
Q = N1 -
o L - < I
10 - — 8 151 7
i | O 4L ]
= 10/ )
! Lp A 1 =2 i
Il i F S S T N S UMY T
ol "[Ljo 5 oo % 65 66 67 68 69 70

0 20 80 100

Tuning voltage offset (Volts) Time of flight (jis)

B. Cheal and D.H. Forest, Hyp. Int. 223 (2014) 63 E. Mané et al., PRC 84 (2011) 024303

Since 1863. 1.D. Moore, EJC 2021



Complementarity in the techniques |

UNIVERSITY OF JYVASKYLA

2000 75CU

= Expt
I=5/2 fit
- - |=3/2 fit

IN-SOURCE (RIS)

» Selective process

In-source

neutron (f delayed) counts
=]
=]
(=]
1

I

relanve frequency(

« Short lifetimes, low yields (<1 ion/s) a0 000 s.ooobY 10000 15000

« High detection efficiency
* Poor resolution (100-1000x < CLS)

600 1300

Collinear

photon counts

300 oy
! M 1200

-800 -400 0 400 4200 4500 4800

CO |_ |_ I N E AR relative frequency (MHz)

» In-source laser spectroscopy at ISOLDE
used for a low-resolution probe of ”>Cu HFS

» High-resolution collinear laser spectroscopy
resolved both atomic ground and excited
state HFS

* High resolution

» Scanning voltage, not frequency
» Detect photons

e Beams of some 103 ions/s

K.T. Flanagan et al., Phys. Rev. Lett. 103 (2009) 142501
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Certainly not the end of the story.... |

UNIVERSITY OF JYVASKYLA

Collinear resonance ionization spectroscopy

Bunched E Collinear Resonance lonization (1) Count ions with MCP

ion beam Spectroscopy of atom IH

(2) Measure alpha decay
with silicon detectors

Laser light

Radioactive Neutralization "’ | I\AA Ma
ion factory of ion bunch: £ — ' II
In-flight charge 1 I
exchange GS -

with an alkali

Collinear fluorescence ;.. , CRIS: improving the experimental sensitivity by x300...

600 0.5

50.4-
20.3
£0.2]
-800 4b0 0 4(')0 4200 4500 4800 5 0.11

relative freauency (MHz) il
5Cu 00 6000 —4000 —2000 0 2000

S/B >> 100
R.P. de Groote et al., Phys. Rev. C 96 (2017) 041302(R)

photon counts

300

4000

Ion rate (Hz)

Poster of Sonja Kujanpaa - recent results
from CRIS & RAPTOR development

O = N W s~
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We have work to do so welcome new faces! |

UNIVERSITY OF JYVASKYLA

Laser spectroscopy

7=82
- N=152
Major techniques employed
70 : : : ; : .
7=50
7=40 g g 8
iR 5
: N=82 2
7=28 e il - 0
7=20 gl 1T N=50 =
AE i _g o 15T
i N=40 ERS
N=28 2
N=20 |
. . . . . N
P. Campbell, IM, and M. Pearson, PPNP 86 (2016) 127 CB RIS XB TRAP GC  Others

Technique applied
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Summary |

UNIVERSITY OF JYVASKYLA

— Laser spectroscopy of radioactive nuclei features (or is planned) at
almost all online radioactive ion beam facilities

— Our spectroscopy can be performed at both ISOL (traditional) as
well as fragmentation facilities (via gas catcher developments)

— Element selectivity is critically important in RIB production and
laser ion sources are widely used/planned (ISOL)

— Lower-resolution in-source methods are complementary to high-
resolution techniques and are often used "together”

— New techniques both in ion and optical manipulation as well as
laser developments help to keep the field thriving

— Many techniques not discussed (ion/atom traps, MIRACLS...),
other variants in the detection techniques of the collinear method
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How do we develop the ionization scheme |

UNIVERSITY OF JYVASKYLA

Literature Search
On-line atomic spectral line databases, published spectroscopy work.
- R.L. Kurucz' CD-ROM 23 Atomic Line Database: nttp://www.pmp.uni-hannover.de/cqi-bin/ssi/test/kurucz/sekur.html

- NIST atomic spectral line database: http.//www.nist.qov/pml/data/asd.cfm

- Blaise and Wyart (actinides): http://web2.lac.u-psud.fr/lac/Database/Contents.htm

- i
500004 ~~ 7|~~~ 3 i
i i
40000 y i
e — | 4 -
—5 = 'g
£ 84587 nm ||
— 30000 1
5 B
& =
W 20000 d
372.05 nm
10000 -
0 {m——t—J=2
even  odd .o
Th V. Sonnenschein, 1.D. Moore et al., EPJ A 48 (2012) 52
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http://www.pmp.uni-hannover.de/cgi-bin/ssi/test/kurucz/sekur.html
http://www.nist.gov/pml/data/asd.cfm

-

From the optical table to the ion source .
ISOL -

8000+

60004

Step 3: non-resonant |
511 nm

P_.=3.3(W)

4000+

2 A !
Count rate (ions/s)

2000+

y

0

0 2 4 6 8 10 12 14
Power (W)

10000
\Towards mass separator
80004
é 6000
XPIG S Step 2: 421.2142 nm
L 4000+
: \Target (~mg/cm?2) g P_ =10(6) mW
EX|thoIe\)_ , £ 2000l ¢
- A S
O,
Cyclotron 0 20 40 60 80 100 120 140
. beam Power (mW)
8000
Ar/He from
gas purifier — 6000
. S Step 1: 328.1624 nm
Filament 5 40001
] z P =17(@)mwW
I E— 3 2000+
Laser beams o S s
01— . . . . . . . .
IGISOL Ag R T

Power (mW)
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How do we quantify the optical selectivity? T

UNIVERSITY OF JYVASKYLA

The excitation probability of Pd isotopes _ _
an atom in a laser beam whose :;;tir')\g':)zj A ~100 MHz (neighbouring
frequency is tuned near resonance: S - 2000
| . .
P o ——0 A ~10'5 Hz (palladium to silver):
52 4 [? S ~10%7 11
4 - - -
5= w, - w, Multi-step excitation: S =S, - S,... - S,.

I is the interaction linewidth

When the laser is in resonance with "

— Laser On
a selected isotope and but far from  ro-p (ot
other "contaminating” elements or £ ,,- g
iIsotopes (A), the selectivity S 5 o
10\22 ) o J I\l lu"!J ;
e 2 1o} FUREY 87 AT A

101 102 103 104 105 106 107 108 109 110 111 112
Mass [u]
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