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Overview

1. In-Gas-Cell Laser lonization

LISOL laser ion source

Laser system
Radioactive lon Beams (RIB) for nuclear spectroscopy

2. In-Gas-Cell Laser Spectroscopy
Dual-chamber laser ion source
Spectroscopy of 37-59Cu, %7-101Ag,

3. In-Gas-Jet Laser Spectroscopy
What spectral resolution can be achieved?
Off-line high resolution laser spectroscopy in a free jet. Experiment

4. New developments

HELIOS project
S3 & GANIL

5. Conclusions
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RILIS - Resonance lonization Laser lon Source

ISOLDE ™

extraction
electrode

ISAC/TRIUMF - LASSEN Jens

ALTO /IPN - LI Ruohong, FRANCHOO Serge
______ e LASER GISELE /GANIL - HENARES Jose Luis

ISOLDE/CERN - MARSH Bruce, ROTHE, Sebastian
IRIS/Gatchina - BARZAKH Anatoly

ionizer
cavity

proton beam

) ! . Laser pulse repetition rate - 10 kHz
Thick target + somev - P P

100 g/cm?

IGLIS - In Gas Laser lonization and Spectroscopy

LISOL (since 1992)

lons to mass

RF ion guide

- ; ’ separator IGISOL / Jyviskyld - MOORE lain, SONNENSCHEIN Volker
gas as cell ...

S Dubna - ZEMLYANOY Sergey
500mbar i ,5 © = < S / GANIL

target PALIS / RIKEN / Autoionizing state \
KISS / RIKEN
laser beams
accelerator A1, A2
beam - Refractory elements
Thing target - Isotopes with a short lifetime
1 mg/cm? - Pre separation, after in-flight mass separator

Q - conductance of the exit orifice, d=0.5 mm, Ar, 35 cm3/s

V - irradiated volume, 1 cm3

Laser pulse repetition rate — Q/V= 35 Hz (saturation, no recombination)
Gas purity !

e Brizl(.‘_,,,ﬁ NS
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Louvain-la-Neuve Radioactive Beam Facility

CYCLONE 110
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LISOL 7
Leuven Isotope Separator On-Line < -

LASER ION
SOURCE

Detection H
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Laser System (since 1994)

Laser lon Source of the
LISOL mass separator u

. Telescope
Excimer laser 2
LPX240, 200Hz, Dye Laser 2 Y I
15ns, 100 mJ
Synchron.
Unit Telescope
Excimer laser 1 '
.| LPX240, 200Hz, DyeLaserl f~ SHG [
15ns, 100 mJ
Energy (eV)
1 Autoionizing state
4 L

-

¥

¢

Reference
Cell

Tunable range
205 - 900 nm
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Laser System

XeCl Excimer
lasers
11

“Mowards LIS, 15m

TC 'B.riX KATHOLIEKE UNIVERSITEIT
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Li

11

Two-step laser ionization schemes

Tunable range
205 -900 nm

[ used on-line

[ used off-line

rc BriX ..
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He
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B C N (0] F Ne
13| 14| 15| 18| 17| 18

Al |Si |P S Cl JAr

58| 59| 60| 61| 62| 63| 64 65
Ce |[Pr |[Nd |[Pm |Sm |Eu |Gd |Tb |Dy

68
Er

69
™m

Yb

70

Lu

71

90| 91| 92| 93| 94| 95| 96| 97
Th |Pa |U Np |[Pu |Am |Cm |Bk |Cf

100
Fm

101
Md

1
No

02

103

Lr

80% of all elements can in principle be ionized by the LISOL laser system

KATHOLIEKE UNIVERSITEIT
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LISOL Laser lon Source

Towards mass Energy (eV)
separator A

SPIG
4 L
Target (~ mg/cm2)
Exit holeﬂ

Ar 500mbar ; . \Ar/He

fom gas Plasma created in the cell does
not allow to collect not
neutralized ions and causes
partial recombination of laser-
produced ions

Filament

Gas cell for fusion-

1 E 57 _ . 0
evaporation reactions beams Co, - Eff. 6%

Pulsed operation mode

oyclotron [an ot [on] Ion source selectivity - Laser ON/OFF:

30-80 for proton-induced fission reactions
Laser LTI 100-200 for fusion evaporation reactions
Separator off ] on

KATHOLIEKE UNIVERSITEIT
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Front end of the LISOL mass separator

c;Laser.oeams
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LISOL Radioactive lon Beams (since 1992)

M —e
,-f:%gl::gun 5
- SR (B
Heavy lon-induced fusion
evaporation reactions: 162 ;
AC _I::II- V ] I:
Heavy lon-induced fusion =3 !-‘
evaporation reactions: - _awmmmmmmm i
Rh,Ru,Sn,In,Ag e
Light lon-induced fusion - U _ o
evaporation reactions: Proton-induced fission of 238U
Co.Ni.Mn.Cr.V.Cu Spontaneous fission of 252Cf:
Rh,Ru,Mo,Pd

Proton-induced fission of 238U:
Fe,Co,Ni,Cu

2 8

:rc BriX .- llG

_metE
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Dual-Chamber Gas Cell Laser lon Source

Accelerator

lon

collector

Laser beams

Laser

| lionization
chamber

Exit orifice

SPIG

Towards mass
separator

rc BriX_-- JI(S
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Yu. Kudryavtsev et al., NIM B 267 (2009) 2908-2917

Exit hole diameter — 0.5 mm/1mm
Stopping chamber — 4 cm in diameter

Laser ionization chamber — 1 cm in diameter

Fusion evaporation reactions:

Yield-LaserON
Selectivity = Yijeld-LaserOFF > 2200
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Dual Chamber Laser lon Source
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Laser selectivity in heavy-ion induced fusion evaporation reaction

Lasers on **Rh - IC on: By (gate O - 500 us) |

E 700; 94Rh 94Rh
:§3 eoo:—
8 =
500/
400 —
S x E 94
4OAr + 98Ni — 8Pd* — Rh/Ru + xp yn Rh
200
1oof
o: \WWWLWL "
4OAI’ beam 0 100 200 300 400 500 600 'roclnE (ke‘t}?o
265 MeV
\ Lasers off (A=94) - IC off: By (gate 0 - 500 nus) |
2 3 ‘
£os Selectivity - 450
S -
2
15
Laser beam el
% 100 200 300 400 500 600 700
E (keV)
Lasers off (A=94) - IC on: By (gate 0 - 500 us) |
3 3 |
2 | Selectivity > 2200
15

KATHOLIEKE UNIVERSITEIT
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In-Gas-Cell Laser Spectroscopy of >/->9Cu

CuU* + e Autoionizing State
First lonization Limit 1
62317.4cm-1
A,=441.6 nm
PO @ r-o
1 "
A, = 244.164 nm
Zsuz ———— F=2
Cul: ground state ===—=<____ F=1

Ay (“Cu)

HU) = ()

p(*Cu

Phys. Rev. C 81, 014314 (2010)

20F
) T. Cocolios et al., PRL 103, 102501 (2009&; of
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14{}:
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In-gas-cell laser spectroscopy of °/°9Cu: total statistics

hf:gs

A hfes

Hypertine parameter [GHZ]
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58Ni

Results

Neutron number N
28 30 32 34 36 38 40
L AF | ! | ! | ! | ! | ! | ! |
3.2
. 3 \ T. E. Cocolios et al.,, PRL103 (2009) 102501
s C \ T.E. Cocaolios et al., PRC81 (2010) 014314 o
= 28
= F
v 2.6 e \'x
o - A \
g 24F )\
o F o
g 220 “\ §
Bl C " -
o0 E } \ ® LISOL
2 - \!‘ ’ ] Literature
1.8 :_ H <=-A-=- GXPF] [Honmaetal)
- Alexandr [q=0.7] [Lisestkiy et al.]
] '(} o I | I | 1 | I . . . .
56 58 60 62 64 66 68 70

Mass number A

Magnetic moment of °’Cu isotopes using the B-NMR technique K. Minamisono et al., PRL 96 (2006) 102501

In source laser spectroscopy at ISOLDE down to %859Cu

Collinear laser spectroscopy at ISOLDE on %8-62Cu

re BriX - JICES
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N.J. Stone et al.

, PRC 77 (2008) 014315

P. Vingerhoets et al., PLB 703 (2011) 34
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Laser spectroscopy of 97-101Ag

e Production
2Mo(*4N — 130 MeV,2pxn)1%4>Ag

64.natZn(36Ar — 125 MeV,pxn)101-97Ag

Laser ionization efficiency ~ 2%

* In-gas cell laser spectroscopy
520 mbar argon
Total width: 9-10 GHz

IP 7.57623 eV
to continuum

2" Step 308nm
4d°5p°P,,

—
Il
LTI

1" Step
328.2nm

4d”5s°S

1/2

» Detection
Beta- and gamma detection

1250+
750
250

1250

R. Ferrer et al., to be published

KATHOLIEKE UNIVERSITEIT
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In-Gas-Cell Laser Spectroscopy of >/->9Cu

CU++ e Autoionizing State 5000

A
First lonization Limit _ 3000

62317.4cm-1

4000

2000

A, =441.6 nm Doppler broadening, T=300 K
Pressure broad. (P = 140 mbar, Ar)[ """ —=2""— ']

Laser bandwidth — 1.6 GHz
4000

2 3000
1

4p0
1/2 E=
40943.73 cmt —g—=z2T] F=

A, = 244.164 nm

F=2 100
F=1 "

2
S1/2 _

140

Cul: ground state ===—=<____
120

A
_ Ahf ( CU) (63Cu) T. Cocolios et al.PRL 103, 102501 (2009)1'
Ahf (63CU) Phys. Rev. C 81, 014314 (2010) 00

u("Cu)

80

60
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20
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- - 1 .
In gaS Jet Iaser SpeCtrOSCOpy Reference cell Ni
0.8—
Laser band width ~1.6 GHz, (excimer-pumped dye lasers, 0.6;— FWHM= ~ 2 GHz
second harmonic) perpendicular to the atomic beam 0.4F
0.23—
—— 61678 cm™ -
61619cmt /) /) N A . St ey e e
7.64 eV - B
2 £ Gascell . Ar 500 mbar
9 =537.84 nm Z 0.8 '
' s . FWHM=6.5 GHz
Red shiftof 25 GHz: 3 ¢ |
N1 T 'Gs 43090 e pressure dependence % *‘F
E oo .
=] |~ Y v
Z - |
A =232.003 nm N . L L :’ L L
't Gas Jet N
\Smnned frequency . . 0.8 ;'I ll'u
. ! Doppler shift due to jet s o
- velocity: ~560 m/s OF N
y  .EFWHM=~2GHz | |
Jet-Laser Spectroscopy @LISOL 0.2 E_ ”//"ﬁ H\
ST~ Il N o S
43089.2 43089.6 43090.0
© SextuPole Ion Guide (SPIG)
Wavenumber [cm-1]

p— T. Sonoda et al., NIM B267 (2009) 2908
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Resonance Laser lonization in Supersonic Jets

/NO laser ionization inside the cell ﬁ Crossed laser beams with supersonic jet

. e . . ] De Laval nozzle jet
Laser ionization only in the cold jet ! | - Y bent RFQ
k Gas cell : ENEEEEEEE
A, ! - o N
1
fl 21/ L/U > 10 kHz, argon jet -L=5.5cm Po To Po
wr:1(L1) - areon e

U - stream velocity, 550m/s j

— laser beam
Autoionizing state expander

Yu. Kudryavtsev et al., NIM B 297 (2013) 7-22

[
The parallel beam from de Laval nozzle !

No broadening due to the beam divergence

Q/ery careful design of the nozzle is required

vi=voax(1l-u/c) Free jet

gas zone of
Po To Po silence Al

target =
\G round state / f
‘ A,

accelerator

= KATHOLIEKE UNIVERSITEIT
rc BriX .- LEUVEN beam
i o Yu. Kudryavtsev, LA3NET, February 19-22, 2013
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Doppler and Collision Contributions to the Spectral Line Width

RF ion guide
SPIG A Ao
gas Gas cell ’ | ’
Po To pPo «
target —— N
laser beams 4s%S, ,, — 4p2P,,, 327.4 nm 83Cu transition, v,= 30535.3 cm-!
accbee'zz‘tor A1, A2 5000 Gas jet Gas cell Hot cavity
4500 - 63Cy '
. . . . u
Collision/pressure contribution ,,,, /
A T 3500 /
Veoll = Ycoll x p 3000 P=300 mbar ® /
7/CO|| - collision broadening <
. 2500
coefficient, 1.5:102° cm™/cm3 —8 27~ |
(8 MHz/mbar) ; 2000 e P=100 mbar @
p —gas density (atom /em®) | E1sgo \>{
1000 \ -
] ] 500 //
Doppler contribution o %;’
3.3 MHz
A iV DT /1 s soomi! 100 1000 10000
Y poppler = <N 111 PR Temperature, K

KATHOLIEKE UNIVERSITEIT
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Two-Step Laser lonization
Free jet jaser bear in a Free Jet

1951 free jet — A. Kantrowitz, J. Grey

zone of

silence Al laser beam

|:> Po To po
/

| -/ Mach disk, T, p 1 = >
Diameter of orifice d Zm — position of the Mach disk |— = 0.67 . [—
X d Pryg
. 0.4 15
Mt - terminal Mach number M: = 3_32(P0d) Zt _( M )
Z: — position of terminal Mach number (mbar, mm) d \3.26

Visualization of free jet

-

M.Belan, S.De Ponte , D.Tordella, Exp. Fluids 45(2008)501-511
KATHOLIEKE UNIVERSITEIT
LEUVEN Yu. Kudryavtsev, LASNET, February 19-22, 2013
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Properties of Free Jet
/Centerline Mach number caIcuIatioN
|:> Po To po P A B C1 C2 Cs Cs

3.337 -1.541 3.232 -0.7563 0.3937 -0.0729

-2 3
yA 0<£<1.0 M =1.0+A(£j +B(£j
d d d

/FCO” = ycoll x p > 3.3 MHz Machh §>°-5 M {ETH C+(§)+(§j +(§)

| : B

15 /

5 10 15 20
Distance from orifice, z/d g
0 5 10 15 20

Distance from orifice, z/d
rc BriX .-
g _.Jl".'.ll" IIG

0.01 N

£ =S

0.001 e~

atom density, p/p,
o

Mach number

KATHOLIEKE UNIVERSITEIT
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Doppler Broadening in the Free Jet Supersonic Beam

:3 Po To pPo

4s%S, ,, — 4p?Pyp, 327.4 nm 53Cu transition, v,= 30535.3 cm-!

1.600
00 \ T 1.400
=
o5 1-200
c
100 \\‘ 'qEJ 1.000
x < & 800
o N o
S N 2 600
£ 10 ™~ =
o = 5 400
o Q.
£ e S 8 200
< B—
0
0.1
10

S

Mach number

rc BriX .
3 L
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20 j

~

v, [2KT

\ AVDoppIer =2JIn2-=*% [/——
\ c\Vm
\\ Total broadening
\\L N -
Gontribution due td-beamdivergence
0 5 10 15 20

Mach number

ax
Doppler

:vo.u(l—cos 0)/0- axial laser beam direction]

- IIG LEUVEN Yu. Kudryavtsev, LASNET, February 19-22, 2013

T=6K, Doppler FWHM =200 MHz
Total broadening = 420 MHz
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Amplification of CW Single Mode Diode Laser
Radiation in a Pulsed Dye Amplifier

Two-stages dye amplifier
g Yy p SHG
Amp. | Amp. Il
Tunable single mode| 654.98 nm 327.49nm Towards ga.s
CW diode Iaser > — E B EEEEBNB| |frsssssnnnns P Jet & AtomIC
'y DP Beam Unit
Excimer I( 4'
V4
XeCl Laser 5ns - 88 MHz
3 300
i o @
5 ¢ ° ok, e LS MPoR3S  MEASURE
t : : - |
200 o—> M
) @ : : : ‘ CH2 0ff
«n 150 ) ‘ : | Puepy
> - s 1
2 100 @ - o0 1 chsoff
5 ) BRI e e - LA AR
= 50 : :
© o
0 50 100 150 200
CW input laser power, mW il

KATHOLIEKE UNIVERSITEIT

LEUVEN Yu. Kudryavtsev, LASNET, February 19-22, 2013
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Resonance lonization Spectroscopy in a Free Gas Jet (Experiment I)

/ \ Gas cell chamber Extraction chamber
90°bended RF
3d°4s5s 2Dy, Autoionizing state Q tracti xtracti
65260.1 -1 Xtraction Xtraction
e 62317.4 cm! IP Gas cell IIIIIII RFQ electrode  Towards mass
P0o=200 ENEEEER separator
@l > o 0
Ar NEEEEER
A,=287.9 nm
Cu filament
Fl
3d%4p 2p,,, 2 Free jet
4 .
30535.3 cm' 1 €xpansion 0.1 mbar 1E-4 mbar
Towards
A,=327.395 nm al |b extraction RFQ
90° bent segmented RFQ
10 2
3d'%s°s,, S ———— —

z”/ 2 '
\ Ground state y ‘ N S [ U———

T — . _ "

Yu. Kudryavtsev et al., NIM B 297 (2013) 7-22
KATHOLIEKE UNIVERSITEIT
LEUVEN Yu. Kudryavtsev, LASNET, February 19-22, 2013
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Resonance lonization Spectroscopy in a Free Gas Jet (Experiment Il)

-

N

KT oyM?

Mg {1+[ (7 -1)/2 |M?|

\_ 1830 MHz > To=355+3K

@555 Dy,

Autoionizing state

\_

65260.1 cm™
62317.4cm™
IP
63Cu |
A,=287.9 nm
FI
3d'4p 2P, _AZ
30535.3 cm™! —1
A,=327.395 nm al |b
104 2 2
3d194s S1/2

Ground state

= KATHOLIEKE UNIVERSITEIT
:_"i J,.ll’i'

Atomic
beam
3 Detector
20 00>
Po To Po Laser |
beams
III Crucible
T=1250K
T T J ' I
> 1830 MHz
1,0- i h
63 S . .
Cu Gas Jet , % p « Atomic beam
0,84 h
S
e 0,6
\(‘U/ P 300 MHZ
B T
=
-5 0,44 ]
[
o
0,2 - a |
0,0 =% e 2E

3053540

3053545 3053550

Wavenumber (cm™)

Yu. Kudrvavtsev, LASNET. Februarv 19-22. 2013

3053555

30535,60
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In-gas-cell and in-gas-jet laser RIS setup
for HELIOS and S3 projects

s grant has been granted for HELIOS project )
HEKC L IGLIS at S3 GANIL
##  (Heavy Elements Laser IOnization and Spectroscopy) 3
] S° - Super Separator Spectrometer
New laser laboratory will b(.a set up at KU Leuven Collaboration GANIL, IPN, CSNSM
\_ The tender of the laser equipment has been done )
Differential i
Gas cell chamber . Extraction
pl:lmpl:’ng chamber
chamber
de Laval nozzle S-shaped RFQ
Gas Cell Ion collector A ' T°r‘r’1":srfs
N\ t
Extraction separatol
RFQ Extraction
electrode
from in-flight
separator
/ One-dimension laser
beam expander
Tthing Position of the A1 A2 A2 Al
i\"‘il:gg‘c: stopped nuclei In-gas-cell In-gas-jet
ionization ionization
1-103-2-10°3
. < 1le-5 mbar
1-102-2 mbar mbar

KATHOLIEKE UNIVERSITEIT

W
rc Br] Jn,la"'ﬁ IIG LEUVEN Yu. Kudryavtsev, LASNET, February 19-22, 2013
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IGLIS Laboratory at KU Leuven (plan)

Dipole magnet

High-voltage

platform Gas jet setup

Pumping
system

X KATHOLIEKE UNIVERSITEIT
Br] IIG LEUVEN Yu. Kudryavtsev, LASNET, February 19-22, 2013
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Laser equipment for IGLIS experiments @ HELIOS &S3

Two step laser ionization spectroscopy in the gas cell

* Two high-repetition-high-power Nd:YAG pump Laser ———)
- Max. average power: 90 W (@ 532 nm) or 36 W (@ 355 nm)
- Max. repetition rate: 15 kHz

* Two high repetition rate dye lasers =
- Tunable wavelength from 215 to 900 nm —
- Linewidth: 0.06 cm™ (1.8 GHz) — 0.25 cm™ (7.5 GHz)

For high resolution spectroscopy in the gas jet first step
will consist of

e A continuous wave (CW) single mode tunable diode laser \
- Linewidth: 1 MHz -> 60 MHz (pulsed)
- mode-hop-free tuning range: 20-30 GHz

* A dye amplifier with second harmonic generator
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IGLIS at S GANIL (2015)

Expected rates: e.g. **Ag and heavy elements:
S3 transmission: 50% (5 charge states)
Laser ionization: 10 %

208pp(48Ca,2n)?>*No: about 1 pps

58Ni(4°Ca,p3n)°®*Ag: few 10 pps amongst them the 21* isomer 390 ms
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Workshop
“Gas-Cell-Based Laser lonization
Spectroscopy Developments”

Leuven, May 30 — June 1, 2012

- " . L ¥
ey % Ry B T

» 4
=5 = S ¥ T L v e =
{ﬂ-‘ i . ,-\f - 1: o o = o i 1 i = 3

3 W s x ¥l hemain A licd A
: & --; N e N

3 L = sl e SN O ks i

o
ot

KATHOLIEKE UNIVERSITEIT

erc Brl _m.lgl"'ﬁ IIG LEUVEN Yu. Kudryavtsev, LASNET, February 19-22, 2013



http://iks32.fys.kuleuven.be/wiki/brix/index.php�

Gas-cell based laser ionization and spectroscopy: worldwide

* With pre-Separator
* Without pre-Separator
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Summary

1. Resonance laser ionization in a gas cell can be used for efficient
production of exotic isotopes to perform nuclear spectroscopy and
in-source laser spectroscopy

2. The crossed laser beams with supersonic jet has been proposed
and realized off-line for two-step photo ionization in a free jet.

3. Using this method, the spectral resolution can be improved by one
order of magnitude (200 MHz, Av/v =2.3E-7) in comparison to the
gas cell.

4. The IGLIS technique that combines laser ionization in a gas cell and
in a gas jet is adapted for production and spectroscopy of rare
radioactive isotopes.
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Thank you. {0 vour attention
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